Water quality evaluation of regionalized wastewater systems by Adams, Barry J. & Gemmell, Robert S.
WRC RESEARCH REPORT NO. 70 
WATER QUALITY EVALUATION OF 
REGIONALIZED WASTEWATER SYSTEMS 
by 
Barry  J. Adams 
and 
Robert  S. Gemrnell 
Northwestern U n i v e r s i t y  
Evanston,  I l l i n o i s  
FINAL REPORT 
P r o j e c t  No. A-050-111. 
J u l y ,  1973 
The work upon which t h i s  p u b l i c a t i o n  i s  based was suppor ted  by funds 
provided by t h e  U.  S. Department of t h e  I n t e r i o r  a s  a u t h o r i z e d  under  
t h e  Water Resources Act of 1964, P u b l i c  Law 88-379. 
UNIVERSITY OF ILLINOIS 
WATER RESOURCES CENTER 
2535 Hydrosystems Labora to ry  
Urbana,  I l l i n o i s  61801 
P' 
ACKNOWLEDGMENTS 
T h i s  r e p o r t  is based o n  t h e  Ph.D. d i s s e r t a t i o n  of Bar ry  J .  Adams, 
which was prepared under t h e  d i r e c t i o n  of Robert  S .  Gemrnell. 
The a u t h o r s  would l i k e  t o  e x p r e s s  t h e i r  g r a t i t u d e  and a p p r e c i a t i o n  
t o  P r o f e s s o r s  Wesley 0 .  P i p e s ,  Harold B .  Gotaas ,  Joseph L. Schofe r  and 
Br ian  M. Schaefe r  f o r  t h e i r  v a l u a b l e  comments and s u g g e s t i o n s .  
The a u t h o r s  a l s o  g r a t e f u l l y  acknowledge t h e  a s s i s t a n c e  of t h e  many 
people  who have a ided  t h i s  r e s e a r c h  e i t h e r  d i r e c t l y  o r  i n d i r e c t l y :  M r .  
Timothy McAloon of t h e  M e t r o p o l i t a n  S a n i t a r y  D i s t r i c t  of G r e a t e r  Chicago 
f o r  h i s  a s s i s t a n c e  i n  o b t a i n i n g  p l a n t  o p e r a t i o n s  d a t a  and D r .  E l i  Cohen 
of t h e  Vogelback Computing Cente r ,  Northwestern  U n i v e r s i t y ,  f o r  h i s  a s -  
s i s t a n c e  w i t h  nonparametr ic  s t a t i s t i c a l  programs. The competent t y p i n g  
of Mrs. G e r r i e  Smudsky, Miss V i r g i n i a  Hatcher and Mrs. Maxine Schmid i s  
s i n c e r e l y  a p p r e c i a t e d .  
T h i s  r e s e a r c h  was suppor ted  i n  p a r t  by t h e  Urban System Engineer ing  
C e n t e r ,  Northwestern U n i v e r s i t y  and i n  p a r t  by t h e  United S t a t e s  Depar t -  
ment of t h e  I n t e r i o r  a s  a u t h o r i z e d  under t h e  Water Resources Research Act 
of 1964, P u b l i c  Law 88-379, P r o j e c t  No. A-050-ILL. 
TABLE OF CONTENTS 
Page 
. . . . . . . . . . . . . . . . . . . . . . . . . . .  ACKNOWLEDGMENTS i 
. . . . . . . . . . . . . . . . . . . . . . . . . .  TABLE OF CONTENTS ii 
. . . . . . . . . . . . . . . . . . . . . . . . . . .  LIST OF TABLES iv 
. . . . . . . . . . . . . . . . . . . . . . . . . . .  LIST OF FIGURES vii 
CHAPTER 
. . . . . . . . . . . . . . . . . . . . . . .  INTRODUCTION 1 
1.1 Public Investment in Regional Waste- 
water Management . . . . . . . . . . . . . . . . . .  2 
1.2 Regional Wastewater Management Plans . . . . . . . .  3 
1.3 Constraints on the Treatment System Plan . . . . . .  5 
1.4 Regional Morphology . . . . . . . . . . . . . . . . .  6 
1.5 The Optimal Degree of System Centralization . . . .  7 
1.6 Objectives and Organization of the Study . . . . . .  8 
LITERATURE REVIEW 12 . . . . . . . . . . . . . . . . . . . .  
Deterministic Water Quality Models 12 . . . . . . . . . . . .  
2.1 Streeter and ~helps' Model 12 . . . . . . . . . . . . .  
2.2 ~obbins' Model 13 . . . . . . . . . . . . . . . . . . .  
2.3 Other Models 16 . . . . . . . . . . . . . . . . . . . .  
Water Quality Management Models . . . . . . . . . . . . .  17 
. . . . . . . . .  2.4 Simulation and Optimization Models 17 
Size. Number. and Location of Regional 
. . . . . . . . . . . . . . . . . . . .  Treatment plants 18 
2.5 SomeQualitativeComments . . . . . . . . . . . . . .  18 
2.6 Some Qualitative Examples . . . . . . . . . . . . .  20 
THE WATER QUALITY MODEL . . . . . . . . . . . . . . . . .  23 
. . . . . . . . . . . . . . . .  3.1 Description of Model 23 
. . . . . . . . . . . . . .  3.2 Analytic Input Functions 27 
3.3 Nominal Values for Model Parameters . . . . . . . .  32 
3.4 Model Sensitivity to Nominal Parameter Values . . .  33 
. . . . . . . . . . . . . . . . .  DETERMINISTIC ANALYSIS 47 
4.1 Effects of Size. Number. and Location of Plants . . 47 
4.2 Location and the Effect of Dilution . . . . . . . .  54 
4.3 Additional Effects of Augmented Streamflow . . . . .  60 
4.4 Summary of Results . . . . . . . . . . . . . . . . .  67 
TABLE OF CONTENTS (cont.)  
CHAPTER Page 
V WASTEWATER TREATMENT PLANT PERFORMANCE . . . . . . . . .  72 
. . . . . . . . . . . . . . . . .  5.1 Da taDesc r ip t ion  73 
5.2 Performance of Ind iv idua l  P l a n t s  . . . . . . . . .  74 
. . . . . . . . . . . .  5.3 Performance of P lan t  Groups 86 
. . . . . . . . . . . . . . . .  5.4 Summary of Resu l t s  96 
. . . . . . . . . . . . . . . .  STOCHASTIC INPUT MODELS 104 
6.1 Models f o r  Wastewater Flow. BOD Concen- 
. . . . . . . . . . .  t r a t i o n .  and DO Concentration 104 
6.2 Model f o r  Wastewater Temperature . . . . . . . .  1 1 4  
6.3 Models f o r  Streamflow. BOD and 
. . . . . . . . .  DO Concentration. and Temperature 125 
6.4 Models f o r  t he  Coe f f i c i en t s  of Deoxygena- 
t i o n  and Reaerat ion . . . . . . . . . . . . . . .  1 2 8  
. . . . . . . . . . . . . . . . . .  STOCHASTIC ANALYSIS 130 
. . . . . . . . . . . . . . . .  7.1 Monte CarloMethods 132 
. . . . . . . . .  7.2 Ef fec t s  of Parameter V a r i a b i l i t y  133 
7.3 E f f e c t s  of Di lu t ion  on Frequency Response . . . . .  139 
. . . . . . . . . . .  7.4 Resul t s  of Yearly Simulation 144 
. . . . . . . . . . . . . . . .  7.5 SummaryofResul t s  150 
. . . . . .  ECONOMICS OF REGIONAL WASTEWATER MANAGEMENT 155 
8 .1  Cost Indexes f o r  Wastewater Management . . . . . .  156 
. . . . . . . .  8.2 Cost Functions of System Components 158 
8.3 Some Numerical Examples . . . . . . . . . . . . . .  166 
. . . . . . . . . . . . . . . .  S'UMMARY AND CONCLUSIONS 171 
9 .1  Water Qua l i t y  Analysis . . . . . . . . . . . . . .  172 
9.2 Economic Analysis.  . . . . . . . . . . . . . . . .  175 
9.3 Considerat ion of Related Fac tors  . . . . . . . . .  176 
. . . . . . . . . . . . . . . . . . . . . . . . . . . .  NOTATION 180 
. . . . . . . . . . . . . . . . . . . . . . . . . . .  BIBLIOGRAPHY 187 
iii 





Streamflow Data f o r  I l l i n o i s  River Basins. . . . . . . . 37 
Streamflow Data f o r  Basin C h a r a c t e r i s t i c s .  . . . . . . . 38 
Population and Density i n  Groups of Places 
According t o  Size.  . . . . . . . . . . . . . . . . . . . 40 
Deoxygenation and Reaeration Rate Constants.  . . . . . . 42 
Nominal Values and Ranges of Parameters. . . . . . . . . 44 
Ef fec t  of Location, S ize ,  and Number of 
P l a n t s  on Water Quali ty .  . . . . . . . . . . . . . . . . 50 
Ef fec t  of System Length and Number of 
P lan t s  on Water Quali ty .  . . . . . . . . . . . . . . . . 51 
Ef fec t  of System Length, Number of P l a n t s ,  
and Dilut ion Ratio on Water Quali ty .  . . . . . . . . . . 55 
Ef fec t  of System Length, Number of P l a n t s ,  
and Dilut ion Ratio on Location of the  
C r i t i c a l  Def i c i t  . . . . . . . . . . . . . . . . . . . . 57 
Ef fec t  of System Length and Number of 
P l a n t s  on Water Qual i ty  f o r  a Stream 
wi th  Augmented Flow. . . . . . . . . . . . . . . . . . . 68 
S t a t i s t i c a l  C h a r a c t e r i s t i c s  of Yearly S e r i e s  
of Plant  Performance Data. . . . . . . . . . . . . . . . 75 
Linear Regression Resul t s  fo r  Trend Analysis 
on the  Reduced Data Se t .  . . . . . . . . . . . . . . . . 77 
Linear Regression Resul t s  fo r  Trend Analysis 
on the  Supplemented Data Set . . . . . . . . . . . . . . 78 
Variance Accounted f o r  by Harmonics - I n f l u e n t  BOD . . . 80 
Variance Accounted fo r  by Harmonics - Eff luent  BOD . . . 80 
Variance Accounted f o r  by Harmonics - I n f l u e n t  SS . . . 81 
Variance Accounted fo r  by Harmonics - Eff luent  SS . . . 81 




Variance Accounted for by Harmonics - Discharge. . . . 82 
Runs Test Results for Sequences of Variable 
Length.. . . . . . . . . . . . . . . . . . . . . . . 85 
Test for Randomness by Serial Correlation 
for Sequences of Variable Length . . . . . . . . . . . 85 
Correlation Coefficients - Influent BOD. . . . . . . . 91 
Correlation Coefficients - Effluent BOD. . . . . . . . 91 
Correlation Coefficients - Influent ss . . . . . . . . 92 
Correlation Coefficients - Effluent SS . . . . . . . . 92 
Correlation Coefficients - Effluent DO . . . . . . . . 93 
Correlation Coefficients - Discharge . . . . . . . . . 93 
Two-Dimensional Multiple Correlation Coefficients. . . 97 
Three-Dimensional Multiple Correlation Coefficients. . 98 
Four-Dimensional Multiple Correlation Coefficients . . 99 
Five-Dimensional Multiple Correlation Coefficients . . 100 
Kendall Coefficients of Concordance. . . . . . . . . . 101 
Coefficient of Variation of Performance 
10 5 Parameters . . . . . . . . . . . . . . . . . . . . . . 
Size-Variability Regression Relationsfiips. . . . . . . 112 
Statistical Characteristics of Temperature Series. . . 115 
Periodic Regression Results for Temperature Series . . 118 
ARMA Model Parameters for Temperature Series . . . . . 12 3 
Low Frequency Minimum DO Response of the 
Water Quality Model with Stochastic Variables. . . . . 136 
LIST OF TABLES (cont . )  
Table Page 
7.2 S t a t i s t i c a l  C h a r a c t e r i s t i c s  of DO Response 
f o r  Various System Lengths. 140 . . . . . . . . . . . . . .  
7.3 S t a t i s t i c a l  C h a r a c t e r i s t i c s  of W Response 
. . . . . . . . . . . . . .  f o r  Various Dilut ion Ratios  142 
7.4 Low Frequency DO Levels f o r  Various Dilut ion 
Rat ios  and Plant  Numbers. . . . . . . . . . . . . . . .  145 
7.5 Minimum Dissolved Oxygen Levels from Yearly 
S i m u l a t i ~ n . . . . . . . . . . . . . ~  . . . . . . . . .  152 
. . . . . .  8.1 To ta l  Cost Functions of Col lec t ion  Networks 163 
8.2 To ta l  Cost Functions of Treatment F a c i l i t i e s .  . . . . .  165 
8.3 Unit Costs of Wastewater Systems - I n t e r c e p t o r s  
and Treatment and Minimum W Levels a t  Percent 
. . . . . . . . . . . . . . . . . . .  of Time Less Than 168 
8.4 Unit Costs of Wastewater Systems - Networks and 
Treatment and Minimum DO Levels a t  Percent 
. . . . . . . . . . . . . . . . . . .  of Time Less Than 170 




. . . . . . . . . .  Schematic Diagram f o r  Model Notation. 25 
Algorithm f o r  Computing kmin i n  Each Reach 
. . . . . . . . . . . . . . . . . .  of an n  P lant  System. 33 
Low-Flow - Basin Area Relat ionships 
f o r  I l l i n o i s  Streams. . . . . . . . . . . . . . . . . . .  35 
Basin Area - Population Density Relat ionship.  . . . . . .  39 
Regional Wastewater System Configurations . . . . . . . .  48 
Ef fec t  of t he  Number of P lan t s  i n  t h e  System 
. . . . . . .  on Water Qual i ty  fo r  Various System Lengths 52 
Effec t  of Distance Between P lan t s  on Water 
. . . . . . . . . .  Qual i ty  f o r  Various Numbers of P lan t s  53 
Ef fec t  of t h e  Number of P l a n t s  i n  the  System 
on Water Qual i ty  f o r  Various Dilut ion Ratios .  . . . . . .  59 
Ef fec t  of Dilut ion Rat io  on Water Qual i ty  f o r  
Various Number of P lan t s  - 384 Mile System. . . . . . . .  61 
Ef fec t  of Dilut ion Ratio on Water Qual i ty  f o r  
Various Distances Between P l a n t s  - 32 P lan t  
. . . . . . . . . . . . . . . . . . . . . . .  S y s t e m . .  62 
Ef fec t  of Di lu t ion  Rat io  on Water Qual i ty  f o r  
Various Distances Between P l a n t s  - 16 Plant  
. . . . . . . . . . . . . . . . . . . . . . .  S y s t e m . .  63 
Effec t  of Di lu t ion  Rat io  on Water Qua l i ty  fo r  
Various Distances Between P l a n t s  - 8 Plant  
. . . . . . . . . . . . . . . . . . . . . . . . .  System 64 
Ef fec t  of Dilut ion Ratio on Water Qual i ty  f o r  
Various Distances Between P l a n t s  - 4 Plant  
. . . . . . . . . . . . . . . . . . . . . . .  S y s t e m . .  65 
Ef fec t  of Dilut ion Ratio on Water Qual i ty  f o r  
Various Distances Between P lan t s  - 2 P lan t  
. . . . . . . . . . . . . . . . . . . . . . .  S y s t e m . .  66 
v i i  
LIST OF FIGURES (cont.)  
Page F igure  
4.11 E f f e c t  of Number of  P l a n t s  i n  t h e  System 
on Water Q u a l i t y  f o r  Various  System Lengths 
. . . . . . . . . . .  of  a  Stream w i t h  Augmented Flow. 69 
E f f e c t  of  Dis tance Between P l a n t s  on Water 
Q u a l i t y  f o r  Various Numbers of  P l a n t s  f o r  a  
Stream w i t h  Augmented Flow . . . . . . . . . . . . . .  70 
C o e f f i c i e n t  of V a r i a t i o n  - P l a n t  S i z e  Rela- 
. . . . . . . . . . . . . . .  t i o n s h i p s  - E f f l u e n t  BOD 106 
C o e f f i c i e n t  o f  V a r i a t i o n  - P l a n t  S i z e  Rela- 
. . . . . . . . . . . . . . .  t i o n s h i p s  - I n f l u e n t  BOD 107 
C o e f f i c i e n t  of  V a r i a t i o n  - Plan t  S i z e  Rela- 
. . . . . . . . . . . . . .  . t i o n s h i p s  Removal Rat io .  108 
C o e f f i c i e n t  o f  V a r i a t i o n  - P l a n t  S i z e  Rela- 
t i o n s h i p s  - Discharge.  . . . . . . . . . . . . . . . .  109 
. . . . . . .  . Recorded E f f l u e n t  Temperature P l a n t  1. 116 
Regress ion Model F i t t e d  t o  Temperature S e r i e s .  . . . .  119 
Res idua l s  from P e r i o d i c  Regress ion Model 
f o r  Temperature.  . . . . . . . . . . . . . . . . . . .  120 
Au toco r r e l a t i on  Funct ion f o r  Temperature 
. . . . . . . . . . . . . . . . . . . . . .  Res idua l s .  121 
. . . . . . .  Autoco r r e l a t i on  Funct ion f o r  ARMA Model. 124 
. . . . . . . . . . . .  Simulated E f f l u e n t  Temperature 126 
Frequency P l o t s  of  Water Q u a l i t y  Model Response 
. . . . . . . . . . . . . . .  t o  S t o c h a s t i c  Var iab les .  135 
P r o b a b i l i t y  P l o t  of  S t o c h a s t i c  Model Response. . . . .  137 
Low Frequency P l o t s  f o r  Various  P l a n t  Number Systems . 138 
Frequency P l o t  f o r  32 P l an t  Systems f o r  
. . . . . . . . . . . . . . . .  Various  Sys temLengths  141 
v i i i  
LIST OF FIGURES (cont .) 
Figure &Page 
7.5 Frequency P lo t  of S tochas t i c  Model Response 
f o r  Various Di lu t ion  Ratios.  . . . . . . . . . . . . . .  143 
7.6 Low Frequency P l o t s  fo r  Various Di lu t ion  Ratios .  . . . .  146 
7.7 Low Frequency P l o t s  of Water Qual i ty  Improve- 
ment of 32 Plant  System. . . . . . . . . . . . . . . . .  147 
7.8 Corre la t ion  P lo t  fo r  S tochas t ic -Determinis t ic  
. . . . . . . . . . . . . .  Model Response - Mean Values 148 
7.9 Corre la t ion  P lo t  f o r  Stochast ic-Determinist ic  
. . . . . . . . . . .  Model Response - 50 Percent Values 149 
7.10 Frequency P l o t  of Water Qual i ty  Response f o r  
Yearly Simulation. . . . . . . . . . . . . . . . . . . .  151 
CHAPTER I 
INTRODUCTION 
There a r e  many t e s t i m o n i e s  t o  t h e  h i s t o r y  of man's c o n t r o l  of w a t e r  
from i t s  r e f l e c t i o n  i n  t h e  c u l t u r e s  of p a s t  and p r e s e n t  c i v i l i z a t i o n s  t o  
a r c h a e o l o g i c a l  r e c o r d s  of dams, d i t c h e s  and aqueduc t s .  For thousands  of 
y e a r s ,  w a t e r  q u a n t i t y  c o n t r o l  h a s  been p r a c t i c e d  on as l a r g e  a s c a l e  a s  
t h e  darning and d i v e r s i o n  of r i v e r s  w h i l e  w a t e r  q u a l i t y  c o n t r o l  was seldom 
e x e r c i s e d  on a s c a l e  above a l t e r i n g  t h e  p h y s i c a l  c h a r a c t e r i s t i c s  of t h e  
c o n t e n t s  of a n  u r n .  However, t h i s  o b s e r v a t i o n  does  n o t  come a s  a s u r p r i s e .  
The s h o r t a g e  of w a t e r  i n  q u a n t i t y  i s  more obvious t h a n  t h e  s h o r t a g e  of 
w a t e r  i n  q u a l i t y ,  p a r t i c u l a r l y  g iven  t h e  u s e  c o n s t r a i n t s  of e a r l y  s o c i e t i e s .  
Major advancements i n  w a t e r  q u a l i t y  c o n t r o l  were  n o t  t o  t a k e  p l a c e  
u n t i l  t h e  d e v a s t a t i o n  of crowding, f i l t h ,  and p lagues  made obvious t h e  
s h o r t a g e  of w a t e r  i n  q u a l i t y .  Two c o n c u r r e n t  e v e n t s  took p l a c e  - t h e  
b a c t e r i o l o g i c a l  con tamina t ion  of w a t e r  s u p p l i e s  c a u s i n g  t h e  sp read  of 
water-borne d i s e a s e s  t o  r e a c h  epidemic p r o p o r t i o n s  and t h e  over load ing  
of w a t e r  c o u r s e s  w i t h  w a s t e s  which rendered  t h e i r  w a t e r s  s e p t i c  and 
noxious .  Treatment of raw w a t e r  s u p p l i e s  and t r e a t m e n t  of was tewate r s  
became n e c e s s a r y .  The view of t h e  water-use  c y c l e  as a n  e n g i n e e r i n g  s y s -  
tem was r a r e l y  s e e n :  t h e  connec t ion  between t r e a t m e n t  of wastewater  d i s -  
charged ups t ream and t r e a t m e n t  of raw w a t e r  downstream was vague ly  under-  
s t o o d  b u t  n o  a t t e m p t  was made t o  s p e c i f i c a l l y  e v a l u a t e  t h e  a l t e r n a t i v e s  
provided by v a r i a t i o n s  of t h e  degree  of t r e a t m e n t  b e f o r e  d i s c h a r g e  and 
t h e  degree  of t r e a t m e n t  b e f o r e  consumption.  
It was n o t  u n t i l  a lmost  a c e n t u r y  l a t e r ,  w h i l e  w a t e r  q u a n t i t y  man- 
agement grew from l o c a l ,  s ing le -purpose  p r o j e c t s  t o  t a k e  on basin-wide 
p r o p o r t i o n s  of mul t i -purpose ,  maximum u s e  p r o j e c t s ,  t h a t  t h e  systems 
p e r s p e c t i v e  of w a t e r  q u a l i t y  management was ach ieved  and t h e  t o o l s  neces -  
s a r y  f o r  t h e  s o l u t i o n  of l a r g e - s c a l e  systems problems began t o  appear .  
Because w a t e r  q u a l i t y  i s  f u n c t i o n a l l y  dependent on w a t e r  q u a n t i t y ,  a merg- 
ing  of t h e s e  h i t h e r t o  d i s t i n c t  d i s c i p l i n e s  took p l a c e .  The p r a c t i c e  of 
t h e  concept  of c o s t  e f f e c t i v e n e s s  t h a t  evolved from w a t e r  q u a n t i t y  manag- 
ment a long  w i t h  t h e  s t i l l  c o n t r o v e r s i a l  c o s t - b e n e f i t  a n a l y s i s  t echn ique  
was c a r r i e d  over t o  water q u a l i t y  management. The complicat ions t h a t  
a rose  from t h e  i n a b i l i t y  t o  quan t i fy  i n t ang ib l e s  i n  water  q u a n t i t y  man- 
agement a r e  even more preva len t  i n  water q u a l i t y  management today. A t  
t h e  time of w r i t i n g ,  t h e  most r ecen t  gu ide l ines  f o r  water  q u a l i t y  manage- 
ment planning i n  t he  United S t a t e s  a r e  those  of the  U.S. Environmental 
P r o t e c t i o n  Agency (1971). The gu ide l ines  r e q u i r e  p r o j e c t s  t o  be conceived 
i n  r eg iona l  plans and evaluated through water q u a l i t y  models of t h e  
r eg ions '  water courses  t o  be e l i g i b l e  f o r  Federa l  funding. These guide- 
l i n e s  a r e  t o  a s s u r e  t he  e f f e c t i v e n e s s  of wastewater management plans of 
l o c a l  a u t h o r i t i e s  i n  meeting water  q u a l i t y  s tandards  prescr ibed  l a r g e l y  
by the  Federal  government. 
The ques t ion  i s  no t  one of t h e  cos t  e f f e c t i v e n e s s  of a  given s e t  of 
s tandards  i n  l i g h t  of a l t e r n a t i v e  plans t o  meet those s tandards ,  but  
r a t h e r  t h e  c o s t  e f f e c t i v e n s s  of one plan r e l a t i v e  t o  another  i n  achiev-  
ing given water q u a l i t y  s tandards .  For t h i s  reason,  t he  opt imiza t ion  of 
system plans t o  meet given s tandards  i s ,  i n  f a c t ,  a  suboptimizat ion and, 
f o r  the  purposes of t h i s  s tudy ,  t h i s  s i t u a t i o n  w i l l  be regarded a s  an  
i n s t i t u t i o n a l  c o n s t r a i n t .  
1.1 Publ ic  Investment i n  Regional Wastewater Management 
Whatever t he  procedures f o r  eva lua t ing  wastewater management p r o j e c t s  . 
and a l l o c a t i n g  publ ic  funds, t h e r e  i s  no ques t ion  t h a t  massive investments 
w i l l  be requi red  t o  support  t hese  p r o j e c t s ,  This observa t ion  i s  supported 
by many r ecen t  studies.A study by t h e  ASCE Urban Water Resources Council 
(1970) f o r  t he  Off ice  Water Resources Research revealed t h a t  
About one-tenth of expenditures  by l o c a l  governments 
today a r e  f o r  water and wastewater s e r v i c e s .  Over 
t h e  next  s e v e r a l  yea r s ,  t o t a l  d i r e c t  and i n d i r e c t  
publ ic  expenditures  f o r  cons t ruc t ion  and opera t ion  
of urban water resource f a c i l i t i e s  (most of it  borne 
by l o c a l  l e v e l s  of government) i s  expected t o  be on 
the  order  of $15 b i l l i o n  per  year .  
A preview of t h e  forthcoming National  Water Commission Report sugges ts  
waiving t h e  user-pay requirement f o r  wastewater t rea tment  p l a n t s  while  
t h e  c u r r e n t  c o n s t r u c t i o n  program i n  underway. The commission's e s t i m a t e d  
c o s t  f o r  munic ipa l  and i n d u s t r i a l  was tewate r  t r e a t m e n t  t o  a c h i e v e  p r e s e n t  
wa te r  q u a l i t y  s t a n d a r d s  i s  $210 b i l l i o n  ( C i v i l  Eng ineer ing ,  1973).  An- 
o t h e r  s t u d y  under taken  by t h e  Business  and Defense S e r v i c e  A d m i n i s t r a t i o n  
(1967) e s t i m a t e s  t h a t  $37.4 b i l l i o n  w i l l  be needed f o r  t h e  c o l l e c t i o n  and 
t r e a t m e n t  of munic ipa l  was tes  by 1980. S i m i l a r  e s t i m a t e s  by t h e  U.S. P u b l i c  
H e a l t h  S e r v i c e  a r e  $700 m i l l i o n  a n n u a l l y  d u r i n g  t h e  s e v e n t i e s  and by t h e  
F e d e r a l  Water P o l l u t i o n  C o n t r o l  A d m i n i s t r a t i o n  (now t h e  Water Q u a l i t y  Of- 
f i c e  of t h e  EPA) a r e  $26-$29 b i l l i o n  over  t h e  coming f i v e  y e a r s .  
Although t h e s e  e s t i m a t e s  have c o n s i d e r a b l e  v a r i a n c e ,  t h e y  a l l  i n d i c a t e  
a  massive  commitment t o  p u b l i c  spending i n  t h e  a r e a  of w a t e r  management. 
The magnitude of t h e s e  investments  d i c t a t e  a  sc rupu lous  examinat ion of 
a l t e r n a t i v e s  i n  m e t r o p o l i t a n  w a t e r  management. I m p l i c i t  i n  t h i s  i s  t h e  
knowledge of sys tem performance and t h e  economics of a l t e r n a t i v e  sys tems.  
1.2 Regional  Wastewater Management P l a n s  
Assoc ia ted  w i t h  every  v a r i a b l e  f a c t o r  i n  wastewater  management t h e r e  
a r e  a l t e r n a t i v e s .  A j o i n t  r e p o r t  by t h e  NAS-NRC (1966) d e l i n e a t e s  t h e s e  
a l t e r n a t i v e s .  They a r e  g iven  below w i t h  examples.  
A l t e r n a t i v e s  of o b j e c t i v e :  A w a t e r  c o u r s e  may be used f o r  d i l u -  
t i o n  of sewage o r  p rese rved  f o r  i t s  s c e n i c  and r e c r e a t i o n a l  v a l u e s .  
Eng ineer ing  a l t e r n a t i v e s :  Wastewater t r e a t m e n t  may be accom- 
p l i s h e d  through t h e  a c t i v a t e d  s l u d g e  p rocess  o r  through t r i c k l i n g  
f i l t r a t i o n .  
Management a l t e r n a t i v e s :  R e c r e a t i o n  may be achieved by main ta in -  
i n g  c l e a n  w a t e r  courses  o r  by b u i l d i n g  swimming poo ls .  
I n s t i t u t i o n a l  a l t e r n a t i v e s :  A w a t e r  sys tem may be managed by a  
l o c a l  government, a  b a s i n  agency, a  s t a t e  agency, o r  a  f e d e r a l  
agency. 
Timing and s i z e  a l t e r n a t i v e s :  A wastewater  t r e a t m e n t  o p e r a t i o n  
may be p a r t  of a  s t a g e d  c o n s t r u c t i o n  p l a n  t o  meet a n t i c i p a t e d  
i n c r e a s e s  i n  wastewater  f lows.  
The o v e r a l l  o b j e c t i v e  of t h e  manager i n  r e s o u r c e  development i s  t o  
maximize t h e  w e l f a r e  of t h e  people  i n  t h e  r e g i o n  of development. Trans- 
4 
l a t i o n  of t h i s  broad o b j e c t i v e  i n t o  develclpment p l a n s  i s  complicated by 
t h e  range of c h o i c e  i n  a l t e r n a t i v e  ways of a c h i e v i n g  t h e  o b j e c t i v e .  Is 
it b e t t e r  t o  have t h e  p u b l i c  pay h i g h e r  p r i c e s  f o r  manufactured goods s o  
t h a t  t h e  i n d u s t r y  producing t h e s e  goods may t r e a t  t h e  w a s t e  i t  d i s c h a r g e s  
t o  a  l o c a l  waterway i n  o r d e r  t o  improve t h e  w a t e r  q u a l i t y  which would a l l o w  
t h e  p u b l i c  t o  r e c r e a t e  i n  t h e  waterway o r  does a  cheaper  good j u s t i f y  
degraded w a t e r  q u a l i t y ?  I f  t h e  economic v a l u e  of t h e  r e c r e a t i o n  is  
g r e a t e r  t h a n  t h e  i n c r e a s e d  p r i c e  of goods,  t h e n  t h e  p u b l i c  w e l f a r e  would 
be i n c r e a s e d  and t h e  p l a n  should be under taken.  I n  t h e  c a s e  of p l a n s  
which produce i n t a n g i b l e  b e n e f i t s  t h a t  d e f y  economic q u a n t i f i c a t i o n ,  how 
a r e  a l t e r n a t i v e  p l a n s  t o  be e v a l u a t e d ?  There i s ,  of c o u r s e ,  no s i n g l e  
answer t o  t h e  e v a l u a t i o n  method bu t  n e v e r t h e l e s s  a  r a t i o n a l  e v a l u a t i o n  
must t a k e  p l a c e .  
A  s i m p l i f y i n g  procedure  t o  remedy t h i s  c o m p l i c a t i o n  is  t o  adop t  a  
s e t  of w a t e r  q u a l i t y  s t a n d a r d s  and t o  compare a l t e r n a t i v e s  by t h e i r  a b i l i t y  
t o  meet t h e s e  s t a n d a r d s  and t h e  p u b l i c  investment  r e q u i r e d  f o r  i n s t i t u t -  
i n g  each a l t e r n a t i v e  p l a n .  Given t h e  maintenance of a  s p e c i f i c  s e t  of 
w a t e r  q u a l i t y  s t a n d a r d s  a t  l e a s t  c o s t  a s  t h e  o b j e c t i v e ,  t h e  a l t e r n a t i v e s  
encountered i n  t h i s  s t u d y  w i l l  be p r i m a r i l y  of t h e  management type .  
Main ta in ing  a  s p e c i f i c  s e t  of w a t e r  q u a l i t y  s t a n d a r d s  becomes t h e  
o b j e c t i v e  and t h e r e  e x i s t  many a l t e r n a t i v e  means t o  r e a l i z e  t h i s  ob jec -  
t i v e .  Households i n  a  community g e n e r a t e  wastes  which can  be handled a t  
t h e  household i n  low d e n s i t y  developments o r  removed by a sewerage sys tem 
and handled a t  a  c e n t r a l i z e d  s i t e  i n  h i g h e r  d e n s i t y  developments.  The 
c h a r a c t e r  of t h e  was te  i t s e l f  may be a l t e r e d  b o t h  a t  t h e  household l e v e l  
through r e g u l a t i o n s  r e g a r d i n g  such p r a c t i c e s  a s  t h e  u s e  of garbage 
g r i n d e r s  and t h e  l evy ing  of w a t e r  p r i c e s  and a t  t h e  sewerage system l e v e l  
through t h e  u s e  of s e p a r a t e  sewer sys tems.  
A f t e r  wastewater  has  been c o l l e c t e d  from a m e t r o p o l i t a n  r e g i o n ,  i t s  
d i s p o s a l  is  n e c e s s a r y .  I f  d i r e c t  d i s c h a r g e  t o  a  l o c a l  waterway is  pro- 
h i b i t e d  by i t s  impact on t h e  q u a l i t y  of t h e  r e c e i v i n g  w a t e r s ,  t h e n  t h e  
wastewater  must be t r e a t e d  b e f o r e  d i s c h a r g e  o r  t r a n s p o r t e d  from t h e  
r e g i o n  f o r  d i s p o s a l  i n  a n o t h e r  waterway o r  i n  o r  on t h e  ground. These 
a r e  a l l  management a l t e r n a t i v e s  t o  t h e  problem s o l u t i o n .  
This  s t u d y  does n o t  i n i t i a l l y  p roc la im t h a t  a  sewerage - sewage t r e a t -  
ment sys tem i s  t h e  o v e r a l l  b e s t  sys tem f o r  a r e g i o n ,  a l t h o u g h  it i s  t h e  
most l i k e l y  a l t e r n a t i v e  combinat ion t o d a y ,  b u t  g i v e n  t h a t  a  sewerage - 
sewage t r e a t m e n t  sys tem i s  t o  be employed, t h i s  s t u d y  w i l l  a t t e m p t  t o  
produce in format ion  r e g a r d i n g  t h e  o p t i m a l i t y  c o n d i t i o n s  of t h e  s i z e  and 
l o c a t i o n  of c o l l e c t  ion and t r e a t m e n t  f a c i l i t i e s .  
1.3 C o n s t r a i n t s  on t h e  Treatment System P l a n  
The most f r e q u e n t  problem c o n f r o n t i n g  m e t r o p o l i t a n  wastewater  man- 
agement i s  t h e  t r e a t m e n t  of was tes  genera ted  i n  t h e  r e g i o n .  I n  most 
i n s t a n c e s  t h e  r e g i o n  is s e r v i c e d  by wastewater  c o l l e c t i o n  networks and 
t h e  d e c i s i o n s  a r e  how many p l a n t s  a r e  t o  s e r v i c e  t h e  r e g i o n ,  where should 
t h e s e  p l a n t s  be  l o c a t e d ,  and what t r e a t m e n t  p r o c e s s e s  should b e  employed 
by each p l a n t .  These d e c i s i o n s  a r e  c o n s t r a i n e d  by t h e  c h a r a c t e r i s t i c s  
of t h e  r e g i o n .  
I f  t h e  r e g i o n  i s  a l r e a d y  sewered,  t h e n  t h e  number and l o c a t i o n  of 
t r e a t m e n t  p l a n t s  i s  c o n s t r a i n e d  by t h e  s i z e  and d r a i n a g e  p a t t e r n  of t h e  
r e g  ion 's c o l l e c t  ion  networks .  There  e x i s t  a l t e r n a t i v e s  f o r  e n l a r g i n g  
t h e  c o l l e c t i o n  system through t h e  u s e  of i n t e r c e p t o r  sewers b u t  d i s a g -  
g r e g a t i n g  t h e  sys tem i s  n o t  l i k e l y  t o  be  f e a s i b l e .  I f  t h e  r e g i o n  o r  p a r t s  
of t h e  r e g i o n  a r e  n o t  sewered,  t h e n  t h e  on ly  c o n s t r a i n t s  a r e  t h o s e  of 
t h e  s i t e  (geography, geology,  e t c . ) ,  t h e  technology of sewerage ( v e l o c i t y  
r a n g e s ,  p i p e  s i z e s ,  e t c . ) ,  and t h e  morphology of t h e  a r e a  ( d e n s i t y ,  
t o t a l  p o p u l a t i o n ,  e t c . ) .  
M e t r o p o l i t a n  r e g i o n s  a r e  conf ron ted  w i t h  t r e a t i n g  t h e i r  was tewate r s  
because  t h e  waterways r e c e i v i n g  t h e s e  was tes  a r e  be ing  degraded.  The 
wate r  q u a l i t y  of t h e  r e c e i v i n g  w a t e r s  i s  n o t  a t  a n  a c c e p t a b l e  l e v e l .  
Thus,  t h e  c h a r a c t e r i s t i c s  of t h e  r e c e i v i n g  w a t e r s  a r e  a l s o  c o n s t r a i n t s  -on 
t h e  r e g i o n a l  t r e a t m e n t  sys tem p lan .  The f l o w s ,  f low v a r i a t i o n s ,  v e l o c i t y ,  
channe l  c h a r a c t e r i s t i c s  and physio-chemical  c h a r a c t e r i s t i c s  of t h e  r e c e i v -  
ing  w a t e r s  w i l l  i n f l u e n c e  t h e  r e s u l t a n t  w a t e r  q u a l i t y  from wastewater  d i s -  
charges .  These c h a r a c t e r i s t i c s  w i l l  a l s o  i n f l u e n c e  t h e  number, s i z e ,  
and l o c a t i o n  of t r e a t m e n t  p l a n t s  e n t e r t a i n e d  by a l t e r n a t i v e  p l a n s .  
Other  c o n s t r a i n t s  on t h e  sys tem p l a n  a r e  p r e s e n t  i n  t h e  s o c i o l o g i c a l  
c h a r a c t e r i s t i c s  of t h e  r e g i o n  which may p r o h i b i t  t r e a t m e n t  p l a n s  t o  be  
l o c a t e d  a t  s i t e s  which a r e  b e s t  from t h e  p o i n t s  of view of b o t h  sys tem 
economics and r e s u l t a n t  w a t e r  q u a l i t y .  There  may a l s o  e x i s t  a d m i n i s t r a -  
t i v e  c o n s t r a i n t s  which r e q u i r e  c e r t a i n  p l a n t  s i z e s  f o r  competent o p e r a t i o n .  
The economics of sys tem s c a l e  a l s o  c o n s t r a i n  t h e  number, s i z e  and l o c a t i o n  
of t r e a t m e n t  p l a n t s .  
This  s t u d y  w i l l  c o n s i d e r  t h e  c o n s t r a i n t s  p resen ted  by t h e  r e c e i v i n g  
w a t e r s  p r i m a r i l y  and by t h e  economics of t h e  s e r v i c e  s e c o n d a r i l y .  The 
remainder of t h i s  s t u d y  i s  d i r e c t e d  t o  t h e s e  two a r e a s .  
1.4 Regional  Morphology 
The morphology of a  r e g i o n  w i l l  a f f e c t  t h e  economics of wastewater  
management p l a n s  and consequen t ly  t h e  d e c i s i o n s  r e g a r d i n g  t h e  s e l e c t i o n  
of a l t e r n a t i v e  p l a n s .  Two d i f f e r e n t  morphologic c o n d i t i o n s  w i l l  be s t u d i e d :  
t h e  f u l l y  developed m e t r o p o l i t a n  a r e a  where t h e  e n t i r e  a r e a  i s  s e r v i c e d  
by c o l l e c t i o n  systems and t h e  p a r t i a l l y  developed r e g i o n  where t h e r e  e x i s t  
i s o l a t e d  communities which a r e  f u l l y  s e r v i c e d  w h i l e  t h e  i n t e r m e d i a  
around t h e  communities r e q u i r e  no c o l l e c t i o n  s e r v i c e .  A d i s t i n c t i o n  w i l l  
be made between e x i s t i n g  and planned developments i n  t h i s  s t u d y .  
The f u l l y  developed m e t r o p o l i t a n  r e g i o n  i s  composed of many s a n i t a r y  
d i s t r i c t s  s h a r i n g  common boundar ies .  I n  a n  e x i s t i n g  development,  a  d e c i -  
s i o n  must be  made r e g a r d i n g  t h e  number of t h e s e  d i s t r i c t s  t o  be  jo ined  i n  
t h e i r  c o n t r i b u t i o n  t o  a  t r e a t m e n t  f a c i l i t y  w h i l e  i n  a  planned development 
a n  a d d i t i o n a l  d e c i s i o n  i s  p resen ted  i n  t h e  d e t e r m i n a t i o n  of s i z e  and 
shape of d i s t r i c t s .  The d e c i s i o n s  encountered i n  t h e  e x i s t i n g  develop-  
ment invo lve  t r a d e o f f s  between i n t e r c e p t o r  and p l a n t  c o s t s  i n  c o n j u n c t i o n  
w i t h  t h e  e f f e c t s  of a l t e r n a t i v e  p l a n s  on w a t e r  q u a l i t y .  For example, 
many s a n i t a r y  d i s t r i c t s  may be aggrega ted  through i n t e r c e p t o r  systems 
w i t h  t h e  c o s t  of t h e s e  i n t e r c e p t o r s  o f f s e t  by t h e  economy of s c a l e  c h a r -  
a c t e r i s t i c  of t r e a t m e n t  f a c i l i t i e s .  I n  such a  s i t u a t i o n ,  however, t h e  
c o s t  of degraded w a t e r  q u a l i t y  a t t r i b u t a b l e  t o  t h i s  a g g r e g a t i o n  may pre -  
s e n t  an  unbalance i n  t h e  above c o s t s ;  t h e  s a v i n g s  i n  c o s t  of any s e r v i c e  
p l a n  rms t  be  t r a d e d - o f f  w i t h  t h e  c o s t  of env i ronmenta l  r e s o u r c e s  consumed 
by t h e  p l a n .  The planned development a l lows  f o r  t h e  s e l e c t i o n  of s a n i t a r y  
d i s t r i c t  s i z e  and shape and t h e  op t imal  sys tem p l a n  i s  g iven  r e c o u r s e  
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t o  a v e r s i o n  of c o s t s  i n c u r r e d  by l a r g e  c o l l e c t i o n  systems s u b j e c t  t o  a  
diseconomy of s c a l e .  
The p a r t i a l l y  developed r e g i o n  is  composed of a  number of d i s p e r s e d  
communities each w i t h  a  s e r v i c e  sys tem composed of a  s m a l l  number of s a n i -  
t a r y  d i s t r i c t s .  The a l t e r n a t i v e s  o f f e r e d  t o  sys tem p lans  a r e  t h e  v a r i o u s  
degrees  of a g g r e g a t i o n  through i n t e r c e p t o r s .  The d e c i s i o n  r e g a r d i n g  
a l t e r n a t e  p l a n s  invo lve  t h e  same c o n s i d e r a t i o n s :  t h e  c o s t  of i n t e r c e p t o r s ,  
t h e  s c a l e  economies of t r e a t m e n t  f a c i l i t i e s ,  and t h e  impact of a l t e r n a -  
t i v e  p lans  on r e c e i v i n g  w a t e r  q u a l i t y .  The d i s t i n c t i o n  between e x i s t i n g  
and planned o r  f u t u r e  developments i s  of l e s s e r  importance f o r  t h e  pa r -  
t i a l l y  developed r e g i o n  s i n c e  t h e  s e p a r a t e  c o l l e c t i o n  systems a r e  of a  
s i z e  n o t  s u b j e c t  t o  t h e  diseconomy of network s c a l e .  
Thus, t h e  morphology of t h e  r e g i o n  under s t u d y  must be t a k e n  i n t o  
c o n s i d e r a t i o n  f o r  developing a p p r o p r i a t e  s t u d y  p l a n s .  The degree  of 
development and t h e  t ime s t a g i n g  of developments w i l l  a c t  i n  un i son  t o  
r e q u i r e  s p e c i a l  c o n s i d e r a t i o n  from t h e  s t u d y  p l a n .  I n  t h e  c a s e  of a  f u l l y  
developed r e g i o n ,  an  e x i s t i n g  development w i l l  r e q u i r e  a  s t u d y  w i t h  
emphasis on i n t e r c e p t o r  c o s t s  w h i l e  a  proposed development w i l l  r e q u i r e  a  
s t u d y  w i t h  emphasis on c o l l e c t i o n  network c o s t s .  The p a r t i a l l y  developed 
r e g i o n  demands s p e c i a l  a t t e n t i o n  t o  i n t e r c e p t o r  c o s t s  f o r  bo th  e x i s t i n g  
and proposed developments.  Both f u l l y  and p a r t i a l l y  developed r e g i o n s  
i n  both  c a s e s  of e x i s t i n g  and proposed developments r e q u i r e  c o n s i d e r a t i o n  
of t r ea tment  p l a n t  c o s t s  and impact on wate r  q u a l i t y .  
1 .5  The Optimal Degree of System C e n t r a l i z a t i o n  
M e t r o p o l i t a n  wastewater  management has  been demonstra ted t o  be  an  
a r e a  of l a r g e  p u b l i c  investment .  It is  a l s o  a n  a r e a  where t h e r e  e x i s t s  
some doubt  of t h e  wisdom of t h e  c u r r e n t  management p r a c t i c e  of h i g h l y  cen- 
t r a l i z e d  r e g i o n a l  sys tems w i t h  regard  t o  both  economic and w a t e r  q u a l i t y  
c o n s i d e r a t i o n s .  
From t h e  p o i n t  of view of sys tem economics,  i t  is  g e n e r a l l y  accep ted  
t h a t  t h e r e  e x i s t  economies of s c a l e  f o r  t h e  c o n s t r u c t i o n  and o p e r a t i o n  of 
wastewater  t r e a t m e n t  f a c i l i t i e s .  Recent s t u d i e s  have i n d i c a t e d  t h a t  
I - 
t h e r e  e x i s t  d i s e c o n o m i e s . ~ £  s c a l e  f o r  wastewater  c o l l e c t i o n  networksd 
(Dajani ,  1971).  The map of c o s t  f u n c t i o n s  f o r  was tewate r  c o l l e c t i o n  
and t r e a t m e n t  combined have s e r v i c e  a r e a s  w i t h  p o i n t s  of minimum average  
c o s t  (Adams, e t  a l ,  1971).  The minimum c o s t  s e r v i c e  a r e a s  i n c r e a s e  w i t h  
inc reased  p o p u l a t i o n  d e n s i t i e s ,  bu t  t h e y  a r e  g e n e r a l l y  s m a l l  f o r  d e n s i t i e s  
commonly exper ienced  i n  t h e  U .S .A .  today.  This  o b s e r v a t i o n  demons t ra tes  
t h e  n e c e s s i t y  of i n v e s t i g a t i o n  i n t o  n o n c e n t r a l i z e d  r e g i o n a l  wastewater  
p l a n s .  
There a r e  two r e a s o n s  f o r  c o n s i d e r i n g  d e c e n t r a l i z e d  systems from a  
w a t e r  q u a l i t y  p o i n t  of view. The f i r s t  i s  t h a t  t h e  f a c i l i t i e s  of a  mul- 
t i p l e  p l a n t  r e g i o n a l  sys tem w i l l  be s p a t i a l l y  d i s t r i b u t e d  a l o n g  t h e  
r e c e i v i n g  w a t e r s ,  r e s u l t i n g  i n  t h e  c o n t r i b u t o r y  was te loads  b e i n g  more 
un i fo rmly  d i s t r i b u t e d  i n  t h e  r e c e i v i n g  w a t e r s  i n  comparison t o  t h e  concen- 
t r a t e d  w a s t e  load ing  of t h e  h i g h l y  c e n t r a l i z e d  system. Secondly,  t h e  
f a c i l i t i e s  of t h e  m u l t i p l e  p l a n t  sys tem produce e f f l u e n t s  whose q u a l i t i e s  
a r e  on ly  weakly c o r r e l a t e d ;  t h a t  i s ,  t h e  f a c i l i t i e s  d o  n o t  c o n s i s t e n t l y  
produce t h e  same q u a l i t y  e f f l u e n t s  s imul taneous ly  (Adams and Gemmell, 1973).  
Because t h e  f l u c t u a t i n g  o p e r a t i n g  e f f i c i e n c i e s  of v a r i o u s  f a c i l i t i e s  of 
a  r e g i o n  a r e  n o t  i n  phase ( t h a t  s t a t i s t i c a l l y  t h e  f a c i l i t i e s  o p e r a t e  in -  
d e p e n d e n t l y ) ,  t h e  r e c e i v i n g  w a t e r s  would n o t  e x p e r i e n c e  t h e  s h a r p  was te  
l o a d i n g  peaks t h a t  might r e s u l t  from a h i g h l y  c e n t r a l i z e d  system. 
Because t h e r e  i s  some doubt  a s  t o  t h e  wisdom of t h e  p lann ing  p r a c t i c e  
concern ing  h i g h l y  c e n t r a l i z e d  r e g i o n a l  wastewater  systems and because  
m e t r o p o l i t a n  wastewater  management i s  an  a r e a  demanding massive  investment  
of p u b l i c  funds ,  t k r e  i s  need f o r  r e s e a r c h  t r e a t i n g  t h e  op t imal  degree  
of c e n t r a l i z a t i o n  of wastewater  t r e a t m e n t  f a c i l i t i e s .  
1.6 O b j e c t i v e s  and Organ iza t ion  of t h e  Study 
The o b j e c t i v e s  of t h i s  s t u d y  a r e  p r i m a r i l y  t o  de te rmine  t h e  w a t e r  
q u a l i t y  e f f e c t s  of t h e  s i z e ,  number, and l o c a t i o n  of wastewater  d i s c h a r g e  
s i t e s  and t h e  v a r i a b i l i t y  of t h e s e  wastewater  l o a d s ,  and,  s e c o n d a r i l y ,  
t o  a s s e s s  t h e  importance of t h e s e  e f f e c t s  i n  r e l a t i o n  t o  t h e  economics of 
w a t e r  q u a l i t y  management systems f o r  d i f f e r e n t  c o n d i t i o n s  of r e g i o n a l  
morphology. The s t u d y  p l a n  o u t l i n e s  t h e  s t r a t e g y  f o r  accomplishing t h e s e  
o b j e c t i v e s .  
The f i r s t  s t e p  i n  t h e  s t u d y  was t o  deve lop  a n  a p p r o p r i a t e  w a t e r  
q u a l i t y  model f o r  t h e  e v a l u a t i o n  of a l t e r n a t i v e  wastewater  management 
p l a n s .  The model was programmed i n  d e t e r m i n i s t i c  fonn  w i t h  a  s e l e c t e d  
s e t  of nominal v a l u e s  f o r  t h e  model pa ramete rs .  This  s e t  of v a l u e s  
r e f l e c t s  a  p a r t i c u l a r  r e g i o n a l  s e t t i n g  which may be used a s  a  b a s i s  f o r  
comparison w i t h  o t h e r  s e t t i n g s .  Th i s  programmed model was t h e n  r u n  w i t h  
i n d i v i d u a l  parameter  v a l u e s  v a r y i n g  over  t h e i r  f u l l  p h y s i c a l  r anges .  
From t h i s  s e n s i t i v i t y  a n a l y s i s ,  t h e  model response  t o  parameter  v a r i a b i l  
i t y  was sensed .  
Subsequen t ly ,  t h e  d e t e r m i n i s t i c  w a t e r  q u a l i t y  e f f e c t s  of t h e  l o c a t i o n ,  
s i z e ,  and number of wastewater  d i s c h a r g e  p o i n t s  were a s s e s s e d .  A s e r i e s  
of s t r e a m  systems were i n v e s t i g a t e d ,  each  w i t h  1, 2 ,  4 ,  8 ,  16 and 32 
p o i n t  d i s c h a r g e s .  The s t r e a m  systems v a r i e d  i n  l e n g t h  from 64 t o  384 
m i l e s  i n  increments  of 64 m i l e s  w i t h  t h e  same q u a n t i t y  of was te  b e i n g  d i s -  
charged i n  each system.  For each s t a t e  of a g g r e g a t i o n ,  e q u a l  d i s t a n c e s  
between p o i n t s  of o u t f a l l  were assumed. Thus, each s t r e a m  system d e p i c t s  
a  d i f f e r e n t  c o n d i t i o n  of r e g i o n a l  morphology; t h e  s h o r t e r  s t r e a m  system 
l e n g t h s  d e p i c t i n g  more m e t r o p o l i t a n  r e g i o n s  and t h e  l o n g e r  s t r e a m  systems 
d e p i c t i n g  more r u r a l  r e g i o n s .  The wate r  q u a l i t y  i m p l i c a t i o n s  of d i f f e r -  
e n t  degrees  of wastewater  c o l l e c t i o n ,  t r e a t m e n t ,  and d i s c h a r g e  conso l ida -  
t i o n  were a s s e s s e d  f o r  d i f f e r e n t  morphological  c o n d i t i o n s  of t h e  r e g i o n .  
The e f f e c t  of s t r e a m  s i z e  on t h e  wastewater  d i l u t i o n  r a t i o  was d e t e r -  
mined by r e p e a t i n g  t h e  above exper iment  f o r  a  s e r i e s  of d i f f e r e n t  s t r e a m  
s i z e s .  I n  each of t h e  above exper iments ,  t h e  t r i b u t a r y  f low t o  t h e  
s t r e a m  was a t t r i b u t e d  on ly  t o  wastewater  d i s c h a r g e s .  A c o n d i t i o n  was 
hypothes ized  whereby t h e  s t reamflow would i n c r e a s e  w i t h  l e n g t h  i n  accord-  
ance w i t h  a  r u n o f f  f u n c t i o n ,  and t h e  w a t e r  q u a l i t y  e f f e c t s  o f  sys tem 
c e n t r a l i z a t i o n  were determined f o r  t h i s  s t r e a m  c o n d i t i o n  a l lowing  f o r  an  
e v a l u a t i o n  of t h e  o r i g i n a l  assumption of a n  unaugmented s t ream.  
I n  p r e p a r a t i o n  f o r  t h e  nex t  s t e p  i n  t h e  r e s e a r c h  which was t o  
a s s e s s  t h e  e f f e c t s  of parameter  v a r i a b i l i t y  on t h e  sys tem,  a  s t u d y  of 
t h e  performance of wastewater  t r e a t m e n t  f a c i l i t i e s  was under taken .  The 
performance of both  i n d i v i d u a l  p l a n t s  and r e g i o n a l l y  r e l a t e d  p l a n t  groups 
were s t u d i e d .  The purpose of s t u d y i n g  i n d i v i d u a l  p l a n t s  was t o  examine 
and d e s c r i b e  t h e  n a t u r e  of p l a n t  performance v a r i a b i l i t y  w h i l e  t h e  pur- 
pose of s t u d y i n g  r e g i o n a l l y  r e l a t e d  groups of p l a n t s  was t o  de te rmine  t h e  
d e g r e e  of dependence i n  performance among p l a n t s  of t h e  group. From 
t h i s  in fo rmat ion  on p l a n t  performance v a r i a b i l i t y ,  i t  was p o s s i b l e  t o  
deve lop  s t o c h a s t i c  models t o  d e s c r i b e  t h i s  v a r i a b i l i t y .  
The w a t e r  q u a l i t y  model was reprogrammed w i t h  s u b r o u t i n e s  t o  d e s c r i b e  
t h e  performance models which would accommodate t h e  phenomena of parameter  
v a r i a b i l i t y .  The s t o c h a s t i c  s u b r o u t i n e s  f o r  t h e  exogenous ( i n p u t )  v a r i -  
. a b l e s  and t h e  endogenous ( s t ream)  v a r i a b l e s  were added t o  t h e  s i m u l a t i o n  
program i n d i v i d u a l l y  which allowed f o r  a  parameter-by-parameter a n a l y s i s  
of t h e  sys tem response  t o  v a r i a b i l i t y .  With s u b r o u t i n e s  i n c o r p o r a t e d  f o r  
a l l  t ime v a r i a b l e  pa ramete rs ,  a  s e r i e s  of s i m u l a t i o n  r u n s  were executed 
f o r  a l l  combinat ions  of p l a n t  number, s t r e a m  sys tem l e n g t h ,  and average 
d i l u t i o n  r a t i o s .  The ou tpu t  from t h e  s i m u l a t i o n  model was i n  terms of 
t h e  d i s s o l v e d  oxygen f requency response  of t h e  s t r e a m .  With t h i s  i n f o r -  
mat ion,  i t  was p o s s i b l e  t o  e v a l u a t e  t h e  s t o c h a s t i c  performance of a l t e r n a -  
t i v e  r e g i o n a l  wastewater  management sys tems.  The temporal  framework of 
t h e s e  sys tem s i m u l a t i o n s  was t h a t  of a  7 c o n s e c u t i v e  d a y ,  10 y e a r  low 
flow p e r i o d .  Subsequen t ly ,  a  y e a r l y  s i m u l a t i o n  was conducted i n  o r d e r  t o  - 
compare t h e  y e a r l y  f requency of ach iev ing  wate r  q u a l i t y  g o a l s  w i t h  t h e  
f requency of a c h i e v i n g  t h e s e  g o a l s  d u r i n g  t h e  c r i t i c a l  season .  
F i n a l l y ,  a n  economic e v a l u a t i o n  of a l t e r n a t i v e  r e g i o n a l  wastewater  
management systems was under taken.  Cost  f u n c t i o n s  f o r  v a r i o u s  components 
of t h e s e  systems ( c o l l e c t i o n  networks ,  i n t e r c e p t o r  p i p i n g ,  pumping 
s t a t i o n s ,  fo rcemains ,  and t r e a t m e n t  p l a n t s )  were s t u d i e d  and w i t h  t h e s e  
c o s t  f u n c t i o n s  t h e  c o s t s  of a l t e r n a t i v e  systems were  e s t i m a t e d  f o r  d i f -  
f e r e n t  c o n d i t i o n s  of r e g i o n a l  morphology. 
At t h i s  s t a g e  i t  was t h e n  p o s s i b l e  t o  compare a l t e r n a t i v e  r e g l o n a l  
wastewater  management p lans  n o t  on ly  i n  terms of w a t e r  q u a l i t y  r e s u l t -  
i n g  from t h e  s i z e ,  number, and l o c a t i o n  of r e g i o n a l  t r e a t m e n t  p l a n t s  
and t h e  f requency d i s t r i b u t i o n  of t h e  w a t e r  q u a l i t y  r e s p o n s e ,  bu t  a l s o  
i n  terms of t h e  c o s t  of c o n s t r u c t i n g  and o p e r a t i n g  t h e s e  a l t e r n a t i v e  s y s -  
t ems. 
The computer programs employed i n  t h i s  s t u d y  were w r i t t e n  i n  t h e  
FORTRAN I V  language and executed on t h e  CDC 6400 system a t  Northwestern  
~ n i v e r s  i t y  's Vogelback Computing Cente r .  (For program l i s t i n g s  and 




DETERMINISTIC WATER QUALITY MODELS 
S i n c e  d i s s o l v e d  oxygen was s e l e c t e d  a s  t h e  wa te r  q u a l i t y  parameter  
t o  be s t u d i e d ,  it  i s  a p p r o p r i a t e  t o  review models which have been proposed 
t o  d e s c r i b e  t h e  oxygen consumption and uptake i n  n o n t i d a l  running w a t e r s .  
When an  oxygen demanding was te  i s  in t roduced  i n t o  a s t r e a m ,  i t  i s  b i o -  
c h e m i c a l l y  ox id ized  . Accompanying t h i s  deoxygenat i o n  i s  a  reoxygenat  i o n  
by t h e  a d d i t i o n  of oxygen molecules  from p l a n t  p h o t o s y n e t h e s i s  and t h e  
atmosphere t o  t h e  s t r e a m  w a t e r .  Depending on t h e  r e l a t i v e  r a t e s  of 
t h e s e  deoxygenat ion and reoxygena t ion  p r o c e s s e s ,  t h e  q u a n t i t y  of t h e  
w a s t e l o a d ,  and t h e  d i l u t i o n  of t h e  w a s t e ,  t h e  magnitude and l o c a t i o n  of 
t h e  minimum d i s s o l v e d  oxygen (DO) c o n c e n t r a t i o n  w i l l  va ry  a c c o r d i n g l y .  
2 . 1  S t r e e t e r  and Phe lps  Model 
The e a r l i e s t  a t t e m p t  t o  d e s c r i b e  t h i s  phenomenon l e d  t o  t h e  
c l a s s i c a l  e q u a t i o n s  of H.  W .  S t r e e t e r  and E. B. Phelps  (1925).  According 
t o  t h e i r  t h e o r y ,  t h e  d i s s o l v e d  oxygen c o n c e n t r a t i o n  i n  a  s t r e a m  i s  
governed by two r e a c t i o n s :  ( a )  t h e  oxygen i s  d e p l e t e d  by t h e  r e s p i r a -  
t i o n  of b a c t e r i a  s t a b i l i z i n g  o r g a n i c  m a t t e r ,  and (b )  t h e  oxygen i s  r e p l e n -  
i shed  by a d s o r p t i o n  from t h e  atmosphere a t  t h e  wa te r  s u r f a c e .  Both of 
t h e s e  r e a c t i o n s  were assumed t o  obey f i r s t  o r d e r  k i n e t i c s .  By d e f i n i t i o n  
t h e  biochemical  oxygen demand (BOD) i s  i n c r e a s e d  a t  t h e  same r a t e  t h a t  
t h e  DO i s  d e p l e t e d .  The BOD and DO a r e  decreased  a t  a  r a t e  p r o p o r t i o n a l  
t o  t h e  remaining BOD, and t h e  DO i s  i n c r e a s e d  a t  a  r a t e  p r o p o r t i o n a l  t o  
t h e  oxygen d e f i c i t  (OD = c  - c ,  where c  i s  t h e  DO s a t u r a t i o n  concen t ra -  
S S 
t i o n  and c  i s  t h e  DO c o n c e n t r a t i o n ) ,  which r e s u l t s  i n  t h e  f o l l o w i n g  d i f -  
f e r e n t i a l  e q u a t i o n s  : 
and 
where t is  t h e  t ime of t h e  r e a c t i o n ,  L i s  t h e  BOD c o n c e n t r a t i o n  a t  t ime t ,  
D i s  t h e  oxygen d e f i c i t  a t  t ime t , k i s  t h e  deoxygenat i o n  r a t e  c o n s t a n t  , 1 
and k  is  t h e  r e a e r a t i o n  r a t e  c o n s t a n t .  The s o l u t i o n s  t o  t h e s e  e q u a t i o n s  2 
a r e  g iven  by 
and 
where L = L and D = D a t  t ime t = 0 and e  is  t h e  base  of n a t u r a l  loga-  
0 0 
r i t h m s .  
To a p p l y  t h e s e  e q u a t i o n s ,  i t  is  n e c e s s a r y  t o  s p e c i f y  temporal  cond i -  
t i o n s .  These c o n d i t i o n s  a r e  u s u a l l y  e s t a b l i s h e d  by assumpt ions  of t h e  
s t r e a m ' s  h y d r a u l i c  regime. Th i s  model assumes t h a t  t h e  f low is un i fo rm 
and s t e a d y  and t h a t  t h e r e  i s  no l o n g i t u d i n a l  d i s p e r s i o n .  
2 . 2  ~ o b b i n s  ' Model 
The t h e o r y  of S t r e e t e r  and Peh lps  was modif ied  and extended t o  t a k e  
i n t o  accoun t  v a r i o u s  a d d i t i o n a l  s o u r c e s  and s i n k s  of oxygen by W. E .  
Dobbins (1954).  I n  a d d i t i o n  t o  b a c t e r i a l  o x i d a t i o n  and a tmospher ic  r e a e r a -  
t i o n ,  Dobbins d e l i n e a t e s  t h e  f o l l o w i n g  p r o c e s s e s  which may t a k e  p l a c e  i n  
any g iven  r e a c h  of s t r e a m :  
1. The removal of BOD by s e d i m e n t a t i o n  o r  a d s o r p t i o n ;  
2 .  The a d d i t i o n  of BOD a long  t h e  reach  by t h e  s c o u r  of 
bottom d e p o s i t s  o r  ,by t h e  d i f f u s i o n  of p a r t i a l l y  de-  
composed o r g a n i c  p r o d u c t s  from t h e  b e n t h a l  l a y e r  i n t o  
t h e  w a t e r  above;  
3 .  The a d d i t i o n  of BOD a l o n g  t h e  reach  by l o c a l  r u n o f f ;  
4 .  The removal of oxygen from t h e  w a t e r  by d i f f u s i o n  i n t o  
t h e  b e n t h a l  l a y e r  t o  s a t i s f y  t h e  oxygen demand i n  t h e  
a e r o b i c  zone of t h i s  l a y e r ;  
5. The removal of oxygen from t h e  w a t e r  by purg ing  a c t i o n  
of g a s e s  r i s i n g  from t h e  b e n t h a l  l a y e r ;  
6. The a d d i t i o n  of oxygen by t h e  p h o t o s y n t h e t i c  a c t i o n  
of p lank ton  and f i x e d  p l a n t s ;  
7. The removal of oxygen by t h e  r e s p i r a t i o n  of p l a n k t o n  
and f i x e d  p l a n t s ;  
8. The cont inuous  r e d i s t r i b u t i o n  of b o t h  t h e  BOD and oxygen 
by t h e  e f f e c t  of l o n g i t u d i n a l  d i s p e r s i o n .  
Dobbins i n c o r p o r a t e s  t h e  above p r o c e s s e s  i n t o  e q u a t i o n s  f o r  t h e  BOD 
and OD p r o f i l e s  of s t reams .  The assumptions  used i n  t h i s  a n a l y s i s  a r e  
t h e  fo l lowing  : 
1. The s t r e a m  f low is  s t e a d y  and uniform;  
2 .  The p rocess  f o r  t h e  r e a c h  a s  a  whole is a  s t e a d y -  
s t a t e  p r o c e s s ;  
3.  The removal of BOD by b o t h  t h e  b a c t e r i a l  o x i d a t i o n  
and t h e  s e d i m e n t a t i o n  o r  a d s o r p t i o n  o r  both  a r e  f i r s t  
o r d e r  r e a c t i o n s ,  t h e  r a t e s  of removal a t  any s e c t i o n  
be ing  p r o p o r t i o n a l  t o  t h e  amount p r e s e n t  ; 
4. The removal of oxygen by t h e  b e n t h a l  demand and by 
p l a n t  r e s p i r a t i o n ,  t h e  a d d i t i o n  of oxygen by photo- 
s y n t h e s i s ,  and t h e  a d d i t i o n  of BOD from t h e  b e n t h a l  
l a y e r  o r  t h e  l o c a l  r u n o f f  a r e  a l l  uniform a long  t h e  
r e a c h ;  
5. The BOD and oxygen a r e  un i fo rmly  d i s t r i b u t e d  over  
each  c r o s s  s e c t  ion.  
The d i f f e r e n t i a l  e q u a t i o n s  f o r  t h e  BOD and OD p r o f i l e s  a r e  a s  f o l l o w s :  
and 
i n  which D i s  t h e  c o e f f i c i e n t  of l o n g i t u d i n a l  d i s p e r s i o n ,  x  i s  t h e  d i s -  L 
t a n c e  downstream, V i s  t h e  average  v e l o c i t y ,  k i s  t h e  r a t e  c o n s t a n t  f o r  3 
BOD removal by sed imenta t ion  o r  a d s o r p t i o n  o r  bo th  ( i f  p o s i t i v e )  o r  BOD 
a d d i t i o n  by r e s u s p e n s i o n  ( i f  n e g a t i v e ) ,  R i s  t h e  r a t e  of a d d i t i o n  of BOD 
a long  t h e  reach  by l o c a l  r u n o f f ,  c  i s  t h e  DO c o n c e n t r a t i o n  (D = c  - C ,  
S 
where c  is t h e  DO s a t u r a t i o n  l e v e l ) ,  and A i s  t h e  n e t  r a t e  of removal 
S 
of oxygen by t h e  b e n t h a l  demand and t h e  e f f e c t  of p l a n t s .  The s o l u t i o n s  




I f  t h e  e f f e c t  of d i s p e r s i o n  is n e g l i g i b l e  and may be n e g l e c t e d ,  e q u a t i o n s  
(2 .7)  and (2.8) may be w r i t t e n  a s  fo l lows  : 
The a p p l i c a t i o n  of t he se  equa t ions  must be made i n  accordance w i th  
t h e  assumptions s t a t e d  above. The uni formi ty  assumptions can normally 
be s a t i s f i e d  by s e l e c t i n g  s h o r t  reaches i n  t h e  a n a l y s i s .  
2.3 Other Mode 1s 
The equa t ions  f o r  t he  BOD and OD p r o f i l e s  g iven  by (2.7,  2.8) and 
(2.11, 2.12) a r e  v a l i d  f o r  a p p l i c a t i o n  t o  s t reams where t h e  hyd rau l i c  
regimes a r e  s t eady  and uniform and t h e  s t ream water  q u a l i t y  and input  
wastewater q u a l i t y  and q u a n t i t y  a r e  cons tan t ,wi th  o r  wi thout  d i spe r s ion .  
Severa l  i n v e s t i g a t o r s  have solved these  equa t ions  f o r  cond i t i ons  o the r  
than  t h e  above. Since t he se  s o l u t i o n s  a r e  a n a l y t i c ,  t h e  v a r i a b l e  input  
func t ions  a r e  d e t e r m i n i s t i c .  Although t h e  va lues  of t he  input  func t ions  
a r e  d i f f e r e n t  a t  d i f f e r e n t  t imes ,  t he se  va lues  a r e  a b s o l u t e l y  determined; 
they  a r e  not  p r o b a b i l i s t i c .  I n  ca se s  where s t o c h a s t i c  models were 
employed t o  desc r ibe  input  func t ions ,  t he  models were e i t h e r  t o t a l l y  
t h e o r e t i c  o r  conceived i n  a  s p e c i a l  purpose a p p l i c a t i o n .  
WATER QUALITY MANAGEMENT MODELS 
Given the  broad o b j e c t i v e  of maintaining a  s e t  of water  q u a l i t y  
s tandards  f o r  a  r e g i o n ' s  waterways, t h e r e  i s  a  wide spectrum of manage- 
ment a l t e r n a t i v e s  f o r  accomplishing t h i s  ob j ec t i ve .  A review of t h e  
l i t e r a t u r e  r e v e a l s  many endeavors t o  explore  t he se  a l t e r n a t i v e s .  Typi- 
c a l l y ,  t he se  a l t e r n a t i v e s  a r e  t r e a t e d  i n d i v i d u a l l y  f o r  a  s p e c i f i c  case  
s tudy ;  thus an at tempt  t o  t r adeo f f  a l t e r n a t i v e s  i s  thwarted by t h e  lack 
of commonality i n  t h e  base condi t ions  or  s e t t i n g s  of these  s t u d i e s .  The 
a l t e r n a t i v e s  of fe red  by a  r eg iona l  wastewater management problem may i n -  
c lude  streamflow r e g u l a t i o n  by on-stream s t o r a g e ,  degrees  of wastewater 
t r ea tmen t ,  e f f l u e n t  s t o r a g e ,  in-s  tream a e r a t i o n ,  wastewater r euse ,  and 
t h e  s i z e ,  number, and loca t ion  of p l a n t s .  These r e g i o n a l  wastewater 
management problems a r e  u s u a l l y  formulated a s  op t imiza t ion  problems, t h e  
ob j ec t ives  of which a r e  t o  minimize t h e  system c o s t  s u b j e c t  t o  t reatment  
Y 
inventory ,  and water  q u a l i t y  c o n s t r a i n t s .  Some r e p r e s e n t a t i v e  examples 
of s t u d i e s  i n  t h i s  realm a r e  d i scussed .  
2.4  Opt imiza t ion  and S imula t ion  Models 
One of t h e  e a r l i e s t  e f f o r t s  i n  e x p l o r i n g  t h e  impact of management 
a l t e r n a t i v e s  on wastewater  t r e a t m e n t  p l a n t  d e s i g n  p r a c t i c e  was p u t  f o r t h  
by Montgomery and Lynn (1964).  A d i g i t a l  computer s i m u l a t i o n  model was 
developed t o  r e p r e s e n t  a  was tewate r  t r e a t m e n t  sys tem t h a t  inc luded  t h e  
p o s s i b i l i t i e s  of employing e f f l u e n t  s t o r a g e  and low f low augmentat ion.  
The o b j e c t i v e  of t h e  s t u d y  was t o  p rov ide  i n s i g h t  t o  t h e  o p e r a t i o n  of 
t h e  sys tem employing t h e s e  management a l t e r n a t i v e s .  The sys tem perform- 
ance  was e v a l u a t e d  by a  w a t e r  q u a l i t y  model i n  terms of t h e  f requency  
w i t h  which an ass igned  l i m i t i n g  v a l u e  of t h e  a l l o w a b l e  c r i t i c a l  d e f i c i t  
i n  t h e  s t r e a m  was exceeded.  Four p h y s i c a l  a l t e r n a t i v e s  was e v a l u a t e d :  
( a )  t r e a t m e n t  p l a n t  - s t r e a m ,  (b)  t r e a t m e n t  p l a n t  - augmentat ion r e s e r v o i r - .  
s t r e a m ,  ( c )  t r e a t m e n t  p l a n t  - e f f l u e n t  s t o r a g e  - s t r e a m ,  and (d)  t r e a t -  
ment p l a n t  - augmentat ion r e s e r v o i r  - e f f l u e n t  s t o r a g e  - s t ream.  A l t e r -  
n a t i v e  sys tems (b)  and (d)  s u b s t a n t i a l l y  improved t h e  performance of 
a l t e r n a t i v e  ( a )  w h i l e  a l t e r n a t i v e  (b )  o n l y  m a r g i n a l l y  improved t h e  perform- 
ance  of a l t e r n a t i v e  ( a ) .  Although some of t h e  o p e r a t i o n a l  c h a r a c t e r i s t i c s  
of t h e  r e a l  sys tem were o v e r s i m p l i f i e d  and a n  economic e v a l u a t i o n  of t h e  
sys tems was no t  under taken ,  t h i s  s t u d y  unve i l ed  a n  i n h e r e n t l y  u s e f u l  
approach t o  r e g i o n a l  was tewate r  management p lann ing .  
Another cogna te  work p resen ted  by Sobel  (1965) was t h e  mathemat ica l  
programming f o r m u l a t i o n  of t h e  d e g r e e  of t r e a t m e n t  r e q u i r e d  by p l a n t s  
a l o n g  a  w a t e r c o u r s e  t o  meet w a t e r  q u a l i t y  s t a n d a r d s  a t  l e a s t  c o s t .  Th i s  
problem was mathemat ica l ly  fo rmula ted  a s  a  l i n e a r  programming problem; 
however, a  numerical  a p p l i c a t i o n  was n o t  p r e s e n t e d .  C o n c u r r e n t l y ,  
De in inger  (1965) and K e r r i  (1966) fo rmula ted  e s s e n t i a l l y  t h e  same problem 
a s  a  l i n e a r  programming problem. Numerical s o l u t i o n s  t o  h y p o t h e t i c a l  
problems were p rov ided .  
Loucks (1965) reworked t h e  problem of Montgomery's by d e s c r i b i n g  t h e  
s t o c h a s t i c  p r o c e s s e s  a s  f i r s t  o r d e r  Markov c h a i n s .  Values f o r  t h e  pro-  
c e s s e s  were  drawn from t r a n s i t i o n  p r o b a b i l i t y  m a t r i c e s .  Th i s  procedure  
a l lowed f o r  s e r i a l  and c r o s s  c o r r e l a t i o n  of v a r i a b l e  parameter  v a l u e s .  
Loucks concluded from t h e  s t u d y  t h a t  i t  may be economica l ly  advantageous  
t o  employ a  s t o r a g e  b a s i n  f o r  t r e a t m e n t  p l a n t  e f f l u e n t s ,  p a r t i c u l a r l y  
i n  cases of d ischarge  t o  a small  stream. 
Recognizing the l i m i t a t i o n s  of approximating nonl inear  funct ions  i n  
the  l i n e a r  programming formulat ion of Sobel and Deininger,  Liebman (1965, 
1966) proposed a s o l u t i o n  t o  the  problem by dynamic programming. The 
problem was solved f o r  a s impl i f i ed  example based on d a t a  from t h e  Wila- 
mette River.  The Deininger problem was r e s t a t e d  by ReVelle e t  a 1  (1967, 
1968) f o r  a hypo the t i ca l  example and by Anderson and Day (1968) f o r  t he  
Miami River.  This problem was subsequently general ized by Clough and 
Bayer (1968) t o  include both shor t - run  and long-run ob jec t ive  funct ion  
and dua l  water q u a l i t y  c o n s t r a i n t s  (DO and BOD). Shih (1970) a l s o  
solved ~ e i n i n g e r ' s  problem by dynamic programing but  included t h e  cos t s  
of water  t reatment  f o r  reuse i n  the problem. 
Thomann and Sobel (1964) formulated the  same l i n e a r  programing 
problem f o r  a t i d a l  s t ream, and l a t e r  Thomann and Marks (1966) applied 
it t o  the  Delaware River Estuary. Smith and Morris (1969) a l s o  reported 
t h e  r e s u l t s  of t h i s  same s tudy of the  Delaware Estuary.  
SIZE, NUMBER, AND LOCATION OF TREATMENT PLANTS 
The r eg iona l  wastewater management a l t e r n a t i v e s  given by the  s i z e  , 
number, and loca t ion  of t reatment  p l an t s  have received a l imi ted  amount of 
a t t e n t i o n .  This s e c t i o n  i s  devoted t o  a d iscuss ion  of published research  
considering these  a l t e r n a t i v e s  . Again, the  problem is formulated a s  an 
opt imizat ion problem with the  ob jec t ive  of minimizing t h e  cos t  of system 
components with or  without  water q u a l i t y  cons t r a in t s .  
2 .5  Some Q u a l i t a t i v e  Comments 
The e a r l i e s t  pr in ted  reference  addressed t o  the  concept of c e n t r a l i z -  
ed sewage treatment works appeared i n  1936 (Lewin, 1936). This paper 
merely enumerated the  pros and cons of treatment a t  a s i n g l e  c e n t r a l  s i t e  
a s  opposed t o  t reatment  a t  a number of smaller  s i t e s .  The advantages of 
a cen t r a l i zed  p l an t  were s t a t e d  a s :  
1. Transfer  of r e s p o n s i b i l i t y  f o r  proper sewage d i sposa l  
from ind iv idua l  a u t h o r i t i e s  t o  a c e n t r a l  board. 
2. L ibera t ion  of valuable land occupied by numerous 
small  p l an t s .  
3 .  Equal iza t ion  of sewage q u a l i t y  and s t r e n g t h  r e s u l t -  
ing from mixing sewage and wastes  from l a r g e r  popu- 
l a t  ion groups. 
4. Eas ie r  superv isory  c o n t r o l  of one works by River 
Conservators .  
5. Provis ion  of employment t o  Consul t ing Engineers and 
con t r ac to r s  on a  grand s c a l e .  
6.  Extension of scope and s p e c i a l i z e d  workers i n  
sewage d i sposa l .  
The disadvantages of c e n t r a l i z e d  p l a n t s  a r e  s t a t e d  a s :  
1. The de t r imen ta l  e f f e c t  upon streams of t he  d i s -  
charge of even good e f f l u e n t s  of l a rge  volume a t  
one po in t .  
2 .  The l a rge  c a p i t a l  c o s t  of cons t ruc t ion  both of 
t he  sewerage system and the  d i s p o s a l  works. 
3 .  The c o l l e c t i o n  of huge q u a n t i t i e s  of s ludge  t o  
be disposed of i n  one l o c a l i t y .  
4.  Magnif icat ion of t roub le s  when breaks i n  opera t ing  
e f f i c i e n c y  occur.  
5. Reduction of employment of s k i l l e d  and unsk i l l ed  
labor .  
The au thor  suggested t h a t  more ex tens ive  research  was needed t o  s imp l i fy  
sewage t rea tment  methods before  "the ' c e n t r a l i z a t i o n '  idea can become the  
 aster ~ e t h o d '  of sewage p u r i f i c a t i o n . "  
More r e c e n t l y ,  Busch (1971) summarized t h e  pros  and cons of c e n t r a l -  
ized t reatment  systems i n  the  fol lowing po in t s :  
1. Reaction r a t e  d i f f e r e n c e s  between var ious  i n d u s t r i a l  
wastes and between i n d u s t r i a l  and municipal wastes 
mean t h a t  t he  c o n t r i b u t o r  of a  r a p i d l y  degradable 
waste must pay f o r  a  d i sp ropor t i ona t e  amount of r e s i -  
dence time . Furthermore, d i s p a r i t i e s  i n  organic  
removal r a t e s  f r equen t ly  r e s u l t  i n  f i n e l y  divided bac- 
t e r i a l  c e l l  res idue  d i f f i c u l t  t o  s e t t l e  a t  conven- 
t i o n a l  c l a r i f i c a t i o n  r a t e s .  
2 .  For new combined systems financed by publ ic  bonds and 
b u i l t  t o  s e r v e  i ndus t ry ,  i n d u s t r i a l  c o n t r i b u t o r s  must 
s i g n  long-term c o n t r a c t s  commensurate wi th  revenue 
bond terms,  u s u a l l y  20 years  o r  more 
3 .  Regional ( c e n t r a l i z e d )  systems served by g r a v i t y  
sewers must accommodate a  d i sp ropor t i ona t e ly  
g r e a t e r  amount of i n f i l t r a t i o n  because of longer  
c o l l e c t  ion  l i n e s .  
" ; 4 .  Regional ( c e n t r a l i z e d )  systems b u i l t  t o  r ep l ace  
e x i s t  ing minic i p a l  p l a n t s  having outs tanding  
bond i s s u e s  must be supported by new t axes  whi le  
taxpayers  cont inue t o  pay f o r  abandoned f a c i l i t i e s .  
5. Most municipal wastes do not  r e q u i r e  b i o l o g i c a l  
t rea tment  because t h e  c o l l e c t i o n  system i s  a  s e l f -  
seeded, plug-flow r e a c t o r ,  and so lub le  carbon con- 
ve r s ion  u s u a l l y  has been accomplished i n  t h e  sewer. 
The longer t h e  res idence  time i n  t he  sewer t h e  more 
l i k e l y  t h i s  conversion i s  t o  be complete. There- 
f o r e ,  r eg iona l  ( c e n t r a l i z e d )  municipal systems a r e  
l e s s  l i k e l y  t o  r equ i r e  a  b i o l o g i c a l  process  than 
a r e  smal le r  p l a n t s .  
6. A mass balance w i l l  show, w i th in  t h e  c o n s t r a i n t s  
of DO s o l u b i l i t y ,  t h a t  a  po in t  source  d i scharge  of 
high volume must be of much h igher  q u a l i t y  than  
t h e  same volume d ischarge  a t  more numerous po in t s  
i f  s t ream q u a l i t y  i s  no t  t o  be degraded. 
Busch goes on t o  say  t h a t  "none of t h e  expensive s t u d i e s  c a r r i e d  out 
t o  de f ine  maximum s t ream a s s i m i l a t i v e  capac i ty  has eve r  recommended t h a t  
t he  c r i t i c a l  case  is  t he  minimum a s s i m i l a t i v e  capac i ty  and t h a t  t h i s  
can be ca l cu l a t ed  i n  a  s t r a igh t - fo rward  fash ion .  In  o the r  words, maximum 
a s s i m i l a t i v e  capac i ty  must involve p r o b a b i l i t i c  a n a l y s i s  and must e s t ab -  
l i s h  con£ idence l i m i t s .  " 
It i s  c l e a r  from these  comments t h a t  an assessment of t h e  water  
q u a l i t y  impl ica t ions  of a l t e r n a t i v e  r eg iona l  wastewater management p l ans ,  
i n  conjunc t ion  wi th  t h e i r  economic impact,  must be made i n  order  t o  prop- 
e r l y  eva lua t e  t he se  p lans .  
2 . 6  Some Quan t i t a t i ve  Examples 
The g r e a t e r  p a r t  of t h e  r e l a t i v e l y  smal l  number of s t u d i e s  conducted 
on r eg iona l  wastewater t rea tment  have been concerned only wi th  t h e  eco- 
nomics of system components of a l t e r n a t i v e  plans involving var ious  degrees  
of wastewater c e n t r a l i z a t i o n .  A s e r i e s  of waste sources  is  i d e n t i f i e d ,  
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and t h e  problem i s  t o  determine t h e  economical ly  op t imal  s t a t e  of aggrega-  
ti.on of t h e s e  sou rce s .  The c o s t  f unc t i ons  cons idered  a r e  those  of i n t e r -  
c e p t o r  sewers ,  pumping s t a t i o n s ,  fo rcemains ,  and t r e a tmen t  f a c i l i t i e s .  
S ince  t h e  c o s t  f unc t i ons  a r e  concave,  a  g e n e r a l  s o l u t i o n  f o r  minimum 
c o s t  i s  d i f f i c u l t  t o  o b t a i n .  Deininger  and Su (1971) approximated 
t h e s e  c o s t  f unc t i ons  by q u a d r a t i c s  and formulated a  q u a d r a t i c  programming 
problem. Because t h e r e  e x i s t s  more t h a n  one l o c a l  minimum, t h e  s o l u t i o n  
t o  t h i s  problem is n o t  n e c e s s a r i l y  a  g l o b a l  minimum. The i r  procedure was 
t o  fo rmula te  a  r e l a t e d  l i n e a r  program and then  t o  apply ~ u r t ~ ' s  rank ing  
extreme po in t  approach t o  o b t a i n  an  op t imal  s o l u t i o n  t o  t h e  o r i g i n a l  
problem. This method was app l i ed  t o  a  h y p o t h e t i c a l  r eg ion  of seven waste-  
water  sources  i n  which t h e  economical ly  op t imal  s o l u t i o n  was a  s i n g l e  
p l a n t  system. 
A s o l u t i o n  of Converse (1972) t o  e s s e n t i a l l y  t h e  same problem a s  t h a t  
of Deininger  and Su is based on an  ex t ens ion  of dynamic programming i n  
which t h e  s o l u t i o n  is embedded i n  bo th  t h e  upstream and downstream condi-  
t i o n s .  An example was made of t h e  Merrimack River  Basin i n  which 12 waste- 
water  sources  were i d e n t i f i e d .  The op t imal  s o l u t i o n  was a  f ou r -p l an t  
system. The au tho r  no t e s  t h a t  "the system c o s t  i s  no t  s t r o n g l y  a f f e c t e d  
by t h e  number of p l a n t s . "  For example, t h e  c o s t  of a  t en -p l an t  system 
is  only 10  percen t  over  t he  c o s t  of t h e  op t imal  f ou r  p l a n t  system. 
Employing a  piecewise  l i n e a r  approximat ion t o  t h e  c o s t  f u n c t i o n s ,  
Wan ie l i s t a  and Bauer (1972) solved t he  problem of Deininger  and Su w i th  an 
i n t e g e r  programming formula t ion .  An 11 p o i n t  wastewater sou rce  system i n  
t h e  L i t t l e  Econ River  Basin was used a s  an example f o r  t h e  problem. The 
r e s u l t s  of t h e  i n t e g e r  programming problem s p e c i f i e d  a  minimum c o s t  sy s -  
tem c o n s i s t i n g  of two t rea tment  p l a n t s .  It was noted t h a t  an 11 p l a n t  
system would have a  c o s t  of 10 percen t  more than  t h a t  of t h e  minimum. 
Yao (1973) used t h e  Connect icut  River  Basin a s  an  example t o  demon- 
s t r a t e  t h e  wate r  q u a l i t y  impact of r eg iona l  wastewater t r e a tmen t .  Seven 
waste  sources  were i d e n t i f i e d  on t h e  branched r i v e r  system. A de t e rmin i s -  
t i c  S t r e e t e r - P h e l p s  fo rmula t ion  was employed a s  t h e  water  q u a l i t y  model 
w i th  t h e  n o t e :  "A d e t e r m i n i s t i c  model could s e r v e  t h e  p r e sen t  purposes  
b e t t e r  by demonstra t ing t h e  e f f e c t s  of r e g i o n a l i z a t i o n  and o t h e r  a l t e r n a t i v e s  
on s t r e a m  q u a l i t y  i n  terms of s imple  f i g u r e s .  It i s ,  however, important  
t o  keep i n  mind t h e  l i m i t a t i o n s  of u s i n g  a  s i m p l i f i e d  approach t o  a  com- 
p l e x  problem." Two a l t e r n a t i v e s  were e x p l o r e d :  ( a )  secondary  t r e a t m e n t  
a t  a l l  waste  s o u r c e s ,  and (b) secondary  t r e a t m e n t  a t  one c e n t r a l i z e d  
s i t e .  The one-p lan t  sys tem r e s u l t e d  i n  h i g h e r  o v e r a l l  DO l e v e l s  because 
t h e  d e c e n t r a l i z e d  sys tem d i scharged  i n t o  t r i b u t a r i e s  w i t h  f lows of approx- 
imate ly  5 p e r c e n t  of t h e  main s tem i n t o  which t h e  one-p lan t  sys tem d i s -  
charged.  
M e n d i r a t t a  and Davidson (1972) t r e a t e d  a  problem s i m i l a r  t o  t h a t  of 
Yao, w i t h  t h e  e x c e p t i o n  t h a t  i n s t e a d  of s e v e r a l  was te  t r e a t m e n t  p l a n t s ,  
a  s i n g l e  h y p o t h e t i c a l  p l a n t  w i t h  a  d i s t r i b u t e d  o u t f a l l  sys tem was 
employed. S ince  t h i s  a n a l y s  is was a l s o  d e t e r m i n i s t i c ,  t h e  r e c e i v i n g  
w a t e r  p e r c e i v e s  no d i f f e r e n c e  between t h e s e  two systems.  The a u t h o r s  
n o t e  t h a t  : "The s t a t e - s p a c e  f o r m u l a t i o n  of t h e  biochemical  t r a n s p o r t  
model i n  t h i s  s t u d y  is r e s t r i c t e d  t o  one-dimensional ,  s t e a d y  s t a t e ,  d e t e r -  
m i n i s t i c  modeling.  Models based on h i g h e r  space  dimensions  and t ime a r e  
t o t a l l y  unwarranted a t  t h i s  s t a g e  of a p p l i c a t i o n . "  The purpose of t h e  
a n a l y s i s  was t o  fo rmula te  and s o l v e  t h e  g e n e r a l  n o n l i n e a r  problem of 
s p e c i f y i n g  t h e  minimum degree  of t r e a t m e n t ,  t h e  f r a c t i o n  of t h e  e f f l u e n t  
t o  be d i s t r i b u t e d ,  and t h e  cont inuous  d i s c h a r g e  p a t t e r n  f o r  an  i n d i v i d u a l  
was te  d i s c h a r g e r  s u b j e c t  t o  a  s e t  of d u a l  wa te r  q u a l i t y  c o n s t r a i n t s  (BOD 
and DO). The a n a l y s  is employed p o n t r y a g i n l s  minimum p r i n c i p l e  i n  con junc- 
t i o n  w i t h  p e n a l t y  f u n c t i o n  c r i t e r i a  and a  f i r s t  o r d e r  g r a d i e n t  s e a r c h .  
The a u t h o r s  concluded t h a t  t h e  s a v i n g s  i n  degree  of t r e a t m e n t  r e q u i r e d  
by d i s t r i b u t e d  o u t f a l l  systems may range  from s i g n i f i c a n t l y  t o  m a r g i n a l l y  
below t h e  c o s t  of t h e  o u t f a l l  sys tem.  Because t h e  problem was formulated 
w i t h  a  s i n g l e  p l a n t ,  t h e  l e n g t h  of s t r e a m  over  which t h e  e f f l u e n t  was 
d i s t r i b u t e d  was n e c e s s a r i l y  s m a l l .  
CHAPTER III 
THE WATER QUALITY MODEL 
The s t r u c t u r a l  e lements  of t h e  r e c e i v i n g  wate r  q u a l i t y  model a r e  sub- 
j e c t  t o  t h e  wa te r  q u a l i t y  c r i t e r i a  of concern t o  t h e  wastewater  sys tem 
p l a n n e r .  The c r i t e r i a  employed i n  any w a t e r  q u a l i t y  sys tem s t u d y  a r e  a  
f u n c t i o n  of t h e  n a t u r e  of t h e  s t u d y  and t h e  c h a r a c t e r i s t i c s  of t h e  s t u d y  
r e g i o n ' s  wa te r  u s e s .  However, d i s s o l v e d  oxygen has  long been recognized  
a s  a  prime i n d i c a t o r  of wa te r  q u a l i t y  and u s u a l l y  f i n d s  i t s  way i n t o  w a t e r  
q u a l i t y  s t u d i e s .  Since  no o t h e r  parameter  d e p i c t s  i n s t r e a m  wate r  q u a l i t y  
a s  w e l l  a s  d i s s o l v e d  oxygen, i t s  c o n c e n t r a t i o n  governs  s t r e a m  eco logy  and 
many w a t e r  u s e s ,  and s i n c e  t h e  s t a n d a r d s  f o r  o t h e r  p o l l u t a n t s  u s u a l l y  
found i n  was tewate r s  a r e  of t e n  met i f  t h e  d i s s o l v e d  oxygen s t a n d a r d  i s  
met,  t h e  w a t e r  q u a l i t y  model w i l l  be concerned p r i m a r i l y  w i t h  t h i s  p a r a -  
meter .  
3 . 1  D e s c r i p t i o n  of Model 
For t h e  purposes of t h i s  s t u d y ,  s two r e a c t i o n  model a s  g i v e n  by equa- 
t i o n s  (2.3) and (2.4) was adopted.  C o n s i d e r a t i o n  of o t h e r  p o s s i b l e  r e a c -  
t i o n s  a s  g iven  by t h e  model i n  e q u a t i o n s  (2.7) and (2.8) is  i n a p p r o p r i a t e  
a t  t h i s  t ime s i n c e  t h e  p h y s i c a l  s e t t i n g  is  a  h y p o t h e t i c a l  one and an  
assignment of t h e s e  r e a c t i o n s  would be a r b i t r a r y .  Upon v e r i f i c a t i o n  of 
t h e  h y p o t h e s i s  r e g a r d i n g  sys tem behav ior  s t a t e d  e a r l i e r ,  t h e  e x t e n s i o n  of 
t h i s  s t u d y  t o  more complicated models would be a p p r o p r i a t e .  
Th i s  s t u d y  is  concerned w i t h  t h e  minimum DO c o n c e n t r a t i o n  occur ing  i n  
t h e  s t ream.  Th is  c o n d i t i o n  e x i s t s  when t h e  oxygen demand r a t e  e q u a l s  t h e  
r e a e r a t i o n  r a t e  o r  when 
D i f f e r e n t i a t i n g  e q u a t i o n  (2.4) and e q u a t i n g  t o  z e r o ,  t h e  t ime correspond-  
ing  t o  t h e  minimum DO (or  e q u i v a l e n t l y ,  t h e  maximum OD) may be s o l v e d ,  
which is  g i v e n  by 
and t h e  maximum d e f i c i t  i s  g i v e n  by 
D - kl Lo 
min k t  1 min 
k2 
The v a l u e s  of D Lo, and T  (s t ream w a t e r  t e m p e r a t u r e )  a r e  d e r i v e d  by 
0 ' 0 
mass/energy b a l a n c e s  on t h e  sys tem a s  fo l lows  
and - QrTr + R T w  To Qr + Qw 
where D i s  t h e  d i s s o l v e d  oxygen s a t u r a t i o n  c o n c e n t r a t i o n  a t  t empera tu re  
s  T  
T; Q r 9  D r ,  Lr, and T  r a r e  t h e  f low,  DO c o n c e n t r a t i o n ,  BOD c o n c e n t r a t i o n ,  
and t empera tu re  of t h e  s t r e a m  p r i o r  t o  t h e  was te  i n p u t ,  r e s p e c t i v e l y ;  and 
Qw, Dw, Lw, and T  a r e  t h e  f low,  DO c o n c e n t r a t i o n ,  BOD c o n c e n t r a t i o n ,  and 
W 
t empera tu re  of t h e  was te  s t r e a m ,  r e s p e c t i v e l y .  
The s a g  e q u a t i o n  a s  g iven  by e q u a t i o n  (2 .4)  i s  capab le  of p r e d i c t i n g  
t h e  DO d e f i c i t  a t  any t ime of f low downstream due t o  a  s i n g l e  p o i n t  of 
was te  d i s c h a r g e .  This  f o r m u l a t i o n  must be  modified t o  accommodate m u l t i -  
p l e  d i s c h a r g e s .  The s t r e a m  system may be decomposed by l a t e r a l  s e c t i o n s  
i n t o  reaches  on t h e  b a s i s  of e i t h e r  s i m i l a r i t y  of channel  c h a r a c t e r i s t i c s  
w i t h i n  a  r e a c h  o r  l o c a t i o n  of p o i n t s  of o u t f a l l  o r  bo th .  The v a r i a b l e s  
i n  t h e  s a g  e q u a t i o n  may t h e n  be viewed a s  s u b s c r i p t e d  v a r i a b l e s  w i t h  sub- 
s c r i p t s  cor responding  t o  reaches  ( see  F igure  3 .1 ) .  Since  it i s  assumed 
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and - To - Ti = T'k 
r i i 
The a s t e r i s k  s u p e r s c r i p t s  (;\) denote  parameter va lues  a t  t h e  end of each '\ 
reach and t i s  t he  time of t r a v e l  i n  reach  i. By s u b s t i t u t i o n ,  t h e  sub- 'i i 
s c r i p t e d  form of t he  DO sag  equa t ion  becomes 
-k t* 
li- 1 i- 1 
k Lo e  -k t 
7 -
i ( "I-' I-' + Qwi Lwi) (e li i Di k 2 . -  kl - e  1 i r i 
3.2 Analy t ic  Input  Functions 
I n  equa t ion  (3.15) t h e  va lue  of the  r e a e r a t i o n  r a t e  c o n s t a n t ,  k 2 ,  i s  
a  func t ion  of t h e  hydrau l ic  p r o p e r t i e s  of t he  s t ream which a r e  i n  t u r n  
a  func t ion  of t he  streamflow. Thus, i t  i s  necessary t o  de r ive  t he se  func- 
t i o n a l  r e l a t i o n s h i p s .  
The shape of the  channel s e c t i o n  i s  of importance only i n  i t s  e f f e c t  
on t he  s tage-d ischarge  r e l a t i o n s h i p .  For the  sake o f  providing an a n a l y t i c  
func t ion  f o r  s tage-d ischarge ,  a  r ec t angu la r  channel s e c t i o n  was assumed. 
The s t e a d y - s t a t e  a n a l y s i s  allowed the  use of a  uniform f low,  open channel 
formula t ion .  Such a  formulat ion i s  t h a t  of Manning (Chow, 1959) and i s  
given by 
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where Q i s  t h e  f low i n  c f s ,  n  i s  t h e  Manning number (a measure of t h e  
channe l  r o u g h n e s s ) ,  A i s  t h e  c r o s s  s e c t i o n a l  a r e a  of t h e  channe l  i n  s q .  f t . ,  
R i s  t h e  h y d r a u l i c  r a d i u s  i n  f e e t ,  and S  t h e  channe l  s l o p e .  Because t h e  
channel  s e c t i o n  i s  r e c t a n g u l a r ,  t h e  fo l lowing  i s  e v i d e n t  
where X = B / H ,  and H and B a r e  t h e  dep th  of f low i n  f e e t  and wid th  of t h e  
channel  i n  f e e t ,  r e s p e c t i v e l y  . S u b s t i t u t i n g  e q u a t i o n s  (3.17) and (3.18) 
i n  e q u a t i o n  (3.16) and s o l v i n g  f o r  H y i e l d s  
By t h e  c o n t i n u i t y  e q u a t i o n  
where V i s  t h e  mean s t r e a m  v e l o c i t y  i n  f p s .  S u b s t i t u t i n g  e q u a t i o n  (3.17) 
i n  e q u a t i o n  (3.20) g i v e s  
1 V =  i n  f p s  
XH 
o r  
3600 Q V =  2 i n  fph .  
XH 
The r e a e r a t i o n  c a p a c i t y  of a  f lowing s t r e a m  depends 
p r i m a r i l y  upon t h e  p r e v a i l i n g  degree  of t u r b u l e n c e  
of t h e  s t ream.  Oxygen t r a n s f e r  from t h e  atmosphere 
i n t o  t h e  w a t e r  can t a k e  p l a c e  on ly  a t  t h e  a i r - w a t e r  
i n t e r f a c e  t h a t  e x i s t s  a t  t h e  s t r e a m  s u r f a c e ,  and t h i s  
i n t e r f a c e  i s  c o n s t a n t l y  and randomly changing (being 
r e p l a c e d  o r  renewed) due t o  t u r b u l e n t  mixing of t h e  
f lowing w a t e r .  Hence, f o r  any s p e c i f i c  degree  of 
oxygen d e p l e t i o n ,  t h e  r a t e  a t  which oxygen can  be 
gained by t h e  f lowing wate r  i s  d i r e c t l y  p r o p o r t i o n a l  
t o  t h e  r a t e  a t  which t h e  wa te r  s u r f a c e  i s  b e i n g  r e -  
p laced from below by t u r b u l e n t  mixing. Turbulence 
i s  a  v e r y  complex p r o c e s s ,  and i s  n o t  a s  y e t  suscep-  
t i b l e  t o  independent measurement o r  e v a l u a t i o n .  A s  
a  r e s u l t ,  we have had no independent  means of knowing 
t h e  r a t e  of w a t e r  s u r f a c e  renewal  i n  a  n a t u r a l  s t r e a m ,  
and it has  t h e r e f o r e  n o t  been p o s s i b l e  t o  e v a l u a t e  
r e a e r a t i o n  c a p a c i t y  i n  terms of s t r e a m  t u r b u l e n c e .  
It has  t h u s  been n e c e s s a r y  over  t h e  y e a r s  t o  a t t e m p t  t o  
e v a l u a t e  s t r e a m  r e a e r a t i o n  c a p a c i t y  by t h e  i n d i r e c t  
oxygen ba lance  method of S t r e e t e r  and Phe lps  (Tsivoglou 
and Wallace ,  1972).  
The e x p l a n a t i o n s  of s t r e a m  r e a e r a t i o n  i n  terms of i t s  h y d r a u l i c  prop- 
e r t i e s  was o r i g i n a l l y  proposed by S t r e e t e r  and Phelps  based on d a t a  c o l -  
l e c t e d  on t h e  Ohio River  (1925). The proposed model combined t h e  concep t s  
of molecular  d i f f u s i o n  and t u r b u l e n c e .  An e a r l i e r  model developed by 
Black and Phelps  (1911) demonstra ted t h a t  when t h e  r e a e r a t i o n  p r o c e s s  is 
governed s o l e l y  by molecular  d i f f u s i o n ,  t h e  r e a e r a t i o n  r a t e  c o e f f i c i e n t  
i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  s q u a r e  of t h e  dep th .  
It was assumed t h a t  under  uniform p h y s i c a l  c o n d i t i o n s ,  t u r b u l e n c e  
may be expressed  a s  a  power f u n c t i o n  of v e l o c i t y ,  and combining t h i s  w i t h  
molecular  d i f  f u s i v i t y ,  t h e y  p o s t u l a t e d  t h e  fo l lowing  model f o r  t h e  r e a c -  
t i o n  r a t e :  
where t h e  c o n s t a n t s  c  and n  d e f i n e  t h e  s t r e a m  t y p e  i n  terms of t h e  f i x e d  
p h y s i c a l  c o n d i t i o n s ,  such a s  s l o p e ,  c h a r a c t e r  of t h e  bottom, d e p t h ,  shape ,  
e t c . ,  V is t h e  average  v e l o c i t y ,  and H i s  t h e  d e p t h .  The c o n s t a n t s  c  and 
n where i n d i r e c t l y  e v a l u a t e d  from r e a c h e s  of t h e  Ohio River  and v a r i e d  
from 0.23 t o  131 and from 0.57 t o  5.40,  f o r  c  and n ,  r e s p e c t i v e l y .  These 
ranges  of v a l u e s  suggested t h e  need f o r  f u r t h e r  s t u d y  of t h e  r e a e r a t i o n  
r a t e  f u n c t i o n .  
 onnor nor and Dobbins (1956) developed models f o r  t h e  r e a e r a t i o n  r a t e  
c o n s t a n t  of t h e  i d e a l i z e d  oxygen s a g  e q u a t i o n  based on some t h e o r e t i c a l  
concep t s  of f l u i d  t u r b u l e n c e .  Equat ions  were developed f o r  t h e  c a s e s  
of n o n i s o t r o p i c  and i s o t r o p i c  t u r b u l e n c e  g i v e n  by 
( n o n i s o t r o p i c  t u r b u l e n c e )  
D 112 v1/2 
- and k2 - 3 12 ( i s o t r o p i c  t u r b u l e n c e )  (3.25) H 
- 4 
where D is  t h e  c o e f f i c i e n t  of molecu la r  d i f f u s i v i t y  (= 0.8 x 1 0  s q  f t l h r  
f o r  oxygen through a n  aqueous f i l m ) .  
Ts ivoglou and Wallace (1972) comprehensively  reviewed s t u d i e s  on t h e  
r e a e r a t i o n  p rocess  and noted t h a t  w i t h  few e x c e p t i o n s  t h e  proposed p re -  
d i c t i v e  models f o r  t h e  r e a e r a t i o n  r a t e  c o n s t a n t  b a s i c a l l y  fol lowed t h e  
form proposed by S t r e e t e r  and Phelps  i n  1925. The e x c e p t i o n s  a r e  t h e  
Isaacs-Maag model (1969) which c o n t a i n s  an a d d i t i o n a l  e m p i r i c a l  c o e f f i -  
c i e n t  f o r  channe l  s h a p e ,  t h e  Krenkel-Orlob model (1962) which employs a 
l o n g i t u d i n a l  mixing c o e f f i c i e n t ,  and t h e  Thackston-Krenkel model (1969) 
which invo lves  t h e  Froude number. An a d d i t i o n a l  f o r m u l a t i o n  i s  g iven  by 
Camp (1963) which r e p l a c e s  t h e  mean v e l o c i t y  (V) w i t h  t h e  mean temporal  
v e l o c i t y  g r a d i e n t  (G) . 
Tsivoglou and Wallace recommended t h e  u s e  of t h e  fo l lowing  formula- 
t ion  : 
where c i s  a c o n s t a n t  of p r o p o r t i o n a l i t y  c a l l e d  t h e  "escape c o e f f i c i e n t "  
w i t h  u n i t s  of l e n g t h ,  Ah is  t h e  change i n  wa te r  s u r f a c e  e l e v a t i o n  from 
t h e  beginning t o  t h e  end of t h e  r e a c h ,  and t is  t h e  t ime of f low through f  
t h e  r e a c h .  The escape  c o e f f i c i e n t  is  g iven  by 
where a d e p i c t s  t h e  p h y s i c a l  molecu la r  p r o p e r t i e s  of t h e  d i f f u s i n g  gas  
(oxygen) and t h e  q u a l i t y  of t h e  w a t e r ,  b r e p r e s e n t s  t h e  mixing c h a r a c t e r -  
i s t i c s  and h y d r a u l i c  p r o p e r t i e s  of t h e  s t r e a m ,  and is  t h e  "half  
h e i g h t "  o r  t h e  w a t e r  s u r f a c e  e l e v a t i o n  change r e q u i r e d  f o r  t h e  downstream 
d e f i c i t  t o  t a k e  t h e  v a l u e  of h a l f  t h e  ups t ream d e f i c i t .  The a p p r o x i -  
mate l i m i t s  of t h e  escape  c o e f f i c i e n t  a r e  from 0 . 0 3 0 / f t  f o r  h i g h l y  p o l l u t -  
ed w a t e r s  (up t o  30 mg/l  5  day BOD) t o  0 . 0 8 5 / f t  f o r  l i g h t l y  p o l l u t e d  
w a t e r s  (down t o  2  mg/l 5  day  BOD) a t  25' C .  
It is  recogn ized  t h a t  each model p r e s e n t e d  f o r  k  has  been v a l i d a t e d  2  
f o r  some s p e c i f i c  a p p l i c a t i o n  b u t  t h a t  a l l  models l a c k  t h e  n e c e s s a r y  
g e n e r a l i t y  t o  be a p p l i e d  u n i v e r s a l l y ,  w i t h  t h e  p o s s i b l e  e x c e p t i o n  of  t h e  
Tsivoglou-Wallace model which r e q u i r e s  much more s p e c i f i c  i n f o r m a t i o n .  
U n f o r t u n a t e l y ,  t h e  e f f e c t  of p o l l u t i o n  on t h e  escape  c o e f f i c i e n t  h a s  n o t  
been a d e q u a t e l y  c h a r a c t e r i z e d  f o r  t h e  g e n e r a l  u s e  of t h i s  model e i t h e r .  
Based on t h e  e x t e n s i v e  d a t a  of  C h u r c h i l l ,  e t  a 1  (1962) ,  a  model of 
t h e  S t r e e t e r - P h e l p s  form was s e l e c t e d  f o r  u s e  i n  t h i s  s t u d y ;  namely 
t h a t  of  onnor nor and Dobbins g iven by e q u a t i o n  (3.25) f o r  i s o t r o p i c  
t u r b u l e n c e .  
S u b s t i t u t i n g  H and V from e q u a t i o n  (3.19) and (3 .22) ,  r e s p e c t i v e l y ,  
i n  e q u a t i o n  (3 .25) ,  t h e  f o l l o w i n g  e x p r e s s i o n  is o b t a i n e d  f o r  t h e  r e a e r a -  
t i o n  r a t e  c o n s t a n t :  
- 1 
where K~ i s  t h e  c o e f f i c i e n t  i n  base  10  (days , 2 0 ' ~ ) .  
The DO s a t u r a t i o n  v a l u e  is  a  f u n c t i o n  of t empera tu re  a s  g iven  i n  t h e  
r e l a t i o n s h i p  
& f i ~  i s  t h e  DO s a t u r a t i o n  l e v e l  i n  mg/l  a t  t e m p e r a t u r e  T  (Committee on 
Sr 
S a n i t a r y  Eng ineer ing  Research,  1960) .  
The deoxygenat ion and r e a e r a t i o n  r a t e  c o n s t a n t s  a r e  a l s o  f u n c t i o n s  
of t empera tu re  g iven  by t h e  fo l lowing  r e l a t i o n s h i p s  
f o r  any t empera tu re  T i n  degrees  c e n t i g r a d e .  The v a l u e s  f o r  8 and @ a r e  
1.047 (Gotaas , 1948) and 1.0241 (Committee on S a n i t a r y  Engineer ing  Re- 
s e a r c h ,  1961) ,  r e s p e c t i v e l y .  
Given t h e  p reced ing  s e r i e s  of a n a l y t i c  f u n c t i o n s ,  t h e  minimum d i s -  
s o l v e d  oxygen l e v e l s  i n  each  r e a c h  of a n  n  r e a c h  sys tem may be computed 
u s i n g  t h e  a l g o r i t h m  p r e s e n t e d  i n  F i g u r e  3.2. 
3.3 Nominal Values f o r  Model Parameters  
The r e g i o n a l  wastewater  management problem of a s s e s s i n g  t h e  impact 
of t r e a t m e n t  p l a n t  c e n t r a l i z a t i o n  on wate r  q u a l i t y  was approached i n  
bo th  a  d e t e r m i n i s t i c  and a  s t o c h a s t i c  manner. The d e t e r m i n i s t i c  t r e a t -  
ment invo lves  a  w a t e r  q u a l i t y  model w i t h  c o n s t a n t  parameter  v a l u e s .  
These v a l u e s  a r e  viewed a s  t h e  nominal v a l u e s  of t h e  sys tem,  and t h i s  
s e c t i o n  w i l l  d e s c r i b e  t h e  v a l u e s  s e l e c t e d  and t h e  r a t i o n a l e  behind t h e i r  
s e l e c t i o n .  
A r e g i o n a l  h y d r a u l i c  p o p u l a t i o n  e q u i v a l e n t  of one m i l l i o n  people  was 
chosen because i t  i s  of s u f f i c i e n t  s i z e  t o  o f f e r  w a t e r  q u a l i t y  problems. 
It i s  a l s o  a  common enough s i z e  t o  be r e p r e s e n t a t i v e  of many r e g i o n s .  A t  
170 gpcpd, t h e  t o t a l  wastewater  f low (QW) g e n e r a t e d  by t h e  r e g i o n  is 263 
c f s  . 
The s e l e c t i o n  of a  nominal v a l u e  f o r  s t reamf low (QRO) may be cons id -  
e r e d  t o  be somewhat l e s s  a r b i t r a r y  t h a n  o t h e r  nominal v a l u e s .  The pr imary 
f low c o n d i t i o n  t o  which t h i s  s t u d y  is d i r e c t e d  i s  t h e  average  over  seven 
c o n s e c u t i v e  days which occurs  once i n  10 y e a r s .  I f  t h e  l e n g t h  of t h e  
s e c t i o n  of s t r e a m  under  s t u d y  is r e l a t i v e l y  s h o r t ,  t h a t  s e c t i o n  may be 
assumed anywhere a l o n g  t h e  l e n g t h  of t h e  s t r e a m :  t h e  upst ream end w i t h  
a  r e l a t i v e l y  s m a l l  f low o r  t h e  downstream end w i t h  a  r e l a t i v e l y  l a r g e  
flow. However, f o r  r e l a t i v e l y  long s t u d y  r e a c h e s ,  t h e  p h y s i c a l  b a s i n  
must be  c o n s i d e r e d .  The s t reamflows w i l l  be a  f u n c t i o n  of t h e  p h y s i c a l  
b a s i n  and t h e  d r a i n a g e  a r e a  t r i b u t a r y  t o  d i f f e r e n t  gauging p o i n t s  of t h e  
s t ream.  This  i n f o r m a t i o n  i s  p resen ted  i n  F i g u r e  3.3 f o r  I l l i n o i s  s t reams  
(Lara ,  1970).  An i n s p e c t i o n  of F i g u r e  3.3 i n d i c a t e s  a  l a c k  of any s t r o n g  
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r e l a t i o n s h i p  between t h e  magnitude of t h e  Low f low and t h e  d r a i n a g e  b a s i n  
a r e a ;  t h e  enve lope  of sample p o i n t s  is v e r y  l a r g e .  These f lows a r e  g i v e n  
i n  Table 3 .1  f o r  some s p e c i f i c  r i v e r  b a s i n s  i n  I l l i n o i s .  For b a s i n  
l eng th- to -wid th  r a t i o s  of 2 ,  3 ,  and 4 ,  t h e  t r i b u t a r y  d r a i n a g e  b a s i n  
a r e a s  f o r  d i f f e r e n t  s t r e a m  l e n g t h s  were computed. The 7 day-10 y e a r  
u n i t  low flows cor responding  t o  t h e s e  b a s i n  a r e a s  were determined from 
F i g u r e  3 .3 ,  and t h e i r  r e s p e c t i v e  low f lows were computed. Both upper  
and lower l i m i t s  of f low v a l u e s  were s e l e c t e d .  This  i n f o r m a t i o n  i s  p re -  
s e n t e d  i n  Table  3.2. Since  t h i s  d e r i v a t i o n  assumed t h e  s t r e a m  l e n g t h s  
t o  be ups t ream r e a c h e s ,  t h e s e  flows may be cons t rued  t o  be r e p r e s e n t a -  
t i v e  of lower f low l i m i t s  f o r  g iven l e n g t h s  and l eng th- to -wid th  r a t i o s .  
F igure  3.4 i n d i c a t e s  t h e  r e l a t i o n s h i p  between average  p o p u l a t i o n  d e n s i t y  
and b a s i n  a r e a  f o r  v a r i o u s  t o t a l  p o p u l a t i o n s ,  and Table  3 .3  p r e s e n t s  
some in format ion  concerning p o p u l a t i o n  d e n s i t y  and s i z e  of p l a c e s  i n  
t h e  U.S.A. 
From t h e  above i n f o r m a t i o n ,  it is p o s s i b l e  t o  s e l e c t  a  s t reamf low 
r e p r e s e n t a t i v e  of sys tem s i z e  and t h e  p o p u l a t i o n  con ta ined  i n  t h e  system. 
A s t reamflow f o r  t h e  s t u d y  r e g i o n ' s  wa te rcourse  of 527 c f s  was chosen.  
Th is  v a l u e  is  i n  accordance w i t h  t h e  in format ion  p resen ted  above. This 
nominal s t reamf low r e s u l t s  i n  a  d i l u t i o n  r a t i o  of 2 . 1  which is  s m a l l  
enough t o  r e q u i r e  secondary  wastewater  t r ea tment  i n  I l l i n o i s .  
A nominal s t r e a m  l e n g t h  of 64 m i l e s  was s e l e c t e d  a s  be ing  r e p r e s e n -  
t a t i v e  of a  m e t r o p o l i t a n  r e g i o n  w i t h  a  p o p u l a t i o n  e q u i v a l e n t  of one 
m i l l i o n  people .  Although t h e  nominal number of p l a n t s  (N) is  1, a  fol low- 
ing  s e c t i o n  of t h i s  s t u d y  c o n s i d e r s  p l a n t  systems w i t h  up t o  32 p l a n t s  
i n  which c a s e  t h e  space  between p l a n t s  would be i n  2  mi le  inc rements ,  a  
l i m i t i n g  c o n d i t i o n  below which s p a c i n g  could  n o t  be c o n s i d e r e d .  
The s t r e a m  channe l  geometry was assumed t o  be r e c t a n g u l a r .  The 
channe l  geometry is  a r b i t r a r y  i n  a s  much a s  i t  was o n l y  a n  i n p u t  p o i n t  
t o  t h e  model f o r  t h e  v e l o c i t y  and t h e  s t a g e - d i s c h a r g e  r e l a t i o n s h i p .  
Thus, t h e  channe l  w i d t h  (B) is e q u a l  t o  a  c o n s t a n t  (X) m u l t i p l i e d  by t h e  
dep th  (H) .  
Table 3.1 
Streamflow Data f o r  I l l i n o i s  River Basins 
Basin and Gaug- Basin Average Unit Low 7 Day- 10 Y r  
i ng  S t a t i o n  Area Flows Flow Low Flow 
(sq m i )  ( c f s )  ( c f s / sq  m i )  ( c  f s )  
Rock River 
@ Rockton 6,290 
@ Oregon 8,120 
@ Como 8,700 
@ J o s l i n  9,520 
Kankakee River 
@ Momence 2,340 
@ Wilmington 5,250 
Des P la ines  River 
@ Gurnee 230 
@ Des P la ines  359 
Du Page River 
@ Sherwood 325 
Fox River 
@ Algonquin 1,364 
@ Dayton 2,570 
I l l i n o i s  River 
@ Marse i l les  7,640 
@ Kingston Mines 15,200 
@ Meredosa 25,300 
Source: Low Flow Frequencies of I l l i n o i s  Streams, Division of 
Waterways, S t a t e  of I l l i n o i s ,  1970. 
Table  3.2 
Streamflow Data f o r  Bas in  C h a r a c t e r i s t i c s  
Stream 
Basin  Length-to-Width R a t i o  
31 1 411  
Length 1 2  3  
Ad % i n  %ax % i n  %ax Ad % i n  %ax % i n  %ax Ad % i n  %ax Qmin Qmax 
1 Ad = Drainage Area i n  s q .  m i .  
q  = Uni t  Low Flow i n  cf s l s q .  m i .  
000'00~ 000 ' OT 000 ' T OOT 
,,LC ., c - ^LC 1 - * " --- - 
Table 3.3 
Population and Density i n  Groups of P laces  
C l a s s i f i e d  According t o  S ize  
Area 
Land Area Population Population 
i n  ~ e ;  Square Per Acre Population Square Mile of of 
Miles Land Area Land Area 
Places of 1,000,000 o r  more 
Places of 500,000 t o  1,000,000 
Places of 250,000 t o  500,000 
Places of 100,000 t o  250,000 
Places of 50,000 t o  100,000 
Places of 25,000 t o  50,000 
Places of 10,000 t o  25,000 
 lades of 5,000 t o  10,000 
Places of 2,500 t o  5,000 
Urban- f r i n g e  a reas  
Rural t e r r i t o r y  
United S t a t e s  179,323,175 3,548,974 5 1 0.080 
Source: U.S. Department of Commerce, Bureau of t he  Census, 1960; 
Census of Populat ion,  Volume 1: C h a r a c t e r i s t i c s  of t he  
Population, Pa r t  A: Number of Inhab i t an t s ,  
The nominal v a l u e  of t h e  c o n s t a n t  is 5 .  The channe l  p r o p e r t i e s ,  rough- 
n e s s  and s l o p e ,  a r e  a l s o  a r b i t r a r y  s i n c e  t h e y  on ly  a f f e c t  t h e  v e l o c i t y  
(R) which is r e f l e c t e d  i n  t h e  t ime of t r a v e l  and t h e  r e a e r a t i o n  c o e f f i c i -  
e n t  and have no import  i n  themselves .  A Manning number (MN) of 0.060 
and a s l o p e  (S) of 0.001 f t / f t  were chosen because  t h e y  provided reason-  
a b l e  t imes  of t r a v e l  (40.82 mi/da = 2.5 f p s )  and r e a e r a t i o n  c o e f f i c i e n t s  
(0.40/dayY base  1 0 ,  2 0 ' ~ ) .  The r e s u l t i n g  d e p t h  of f low and w i d t h  of 
channe l  were 7.96 f t  and 39.79 f t ,  r e s p e c t i v e l y .  
The nominal v a l u e s  of 2 1 . 5 ~ ~  (70.63OF)and 1 . 6 8 ' ~  (62.25'~) were 
chosen f o r  t h e  t empera tu re  of t h e  wastewater  (TW) and t h e  r e c e i v i n g  w a t e r  
(TRO), r e s p e c t i v e l y .  These v a l u e s  were c a l c u l a t e d  f o r  t h e  244th day of 
t h e  year  (September 1 s t )  from t h e  d e t e r m i n i s t i c  f o r c i n g  f u n c t i o n s  of t h e  
s t o c h a s t i c  t empera tu re  models p r e s e n t e d  i n  Chapter  V I .  These t empera tu res  
a r e  c o n s i s t e n t  w i t h  t h e  t ime of t h e  low-flow c o n d i t i o n  determined by t h e  
s t o c h a s t i c  d a i l y  s t reamf low model, a l s o  p resen ted  i n  Chapter  V I .  The 
0 
r e s u l t a n t  r i v e r  wa te r  t empera tu re  (T) a f t e r  d i l u t i o n  i s  18.36 C .  
The i n p u t  BOD (LW) was assumed t o  have a nominal v a l u e  of 30 mg/l 
which is r e p r e s e n t a t i v e  of t h e  u l t i m a t e  carbonaceous BOD from a conven- 
t i o n a l  secondary t r e a t m e n t  p l a n t .  The i n i t i a l  s t r e a m  BOD (LRO) b e f o r e  
was tewate r  d i s c h a r g e  was d e s i g n a t e d  a  nominal v a l u e  of 3  mg/l which i s  
t y p i c a l  of a n  unpol lu ted  n a t u r a l  w a t e r .  
The s e l e c t e d  nominal v a l u e s  f o r  t empera tu re  r e s u l t e d  i n  a DO s a t u r a -  
t i o n  (DSAT) v a l u e  of 9.24 mg/l .  The i n i t i a l  s t r e a m  DO (DRO) was assumed 
t o  be  90 p e r c e n t  of s a t u r a t i o n o r  8.32 mg/l .  The DO of t h e  wastewater  
(DW) was assumed t o  be 4 .0  mg/l ,  a n  a r b i t r a r y  l e v e l .  
The s e l e c t i o n  of nominal v a l u e s  f o r  t h e  deoxygenat ion and r e a e r a t i o n  
r a t e  c o n s t a n t s  demands p a r t i c u l a r  s c r u t i n y .  From Table  3.4 i t  c a n  be 
s e e n  t h a t  g e n e r a l l y  t y p i c a l  v a l u e s  d o  n o t  e x i s t .  Values were  chosen such 
t h a t  t h e y  would f a l l  w i t h i n  a n  a c c e p t a b l e  range  and produce r e a s o n a b l e  
r e s u l t s  w i t h  o t h e r  nominal v a l u e s  i n c o r p o r a t e d  i n t o  t h e  model. The nomi- 
n a l  v a l u e  f o r  K i s  O.ZO/day (0.186/day @ 18 .36 '~ )  and t h a t  f o r  K2 
oOc 
i s  0.40/day (0.381/day @ 1 8 . 3 6 ' ~ ) .  
Table 3.4 
Deoxygenation and Reaeration Rate Constants 
a t  2 0 ' ~  Base 10 
(Base e = Base 10 x 2.3) 
K1 Remarks Remarks 
.09 - .24 Sewage (Gotaas) .115 Quiescent water (Adeney) 
Avg. .10 
.04 - .30 Stream (Gotaas) .05 - .96 Gotaas 
.04 - .30 Sewage -17 - .30 Large streams 
(Kothandaraman) Avg. .10 (Fai r  & Geyer) 
.04 - .13 Delaware River -09 - 4.0 Eckenfelder and O'connor 
.05 - .24 Sacramento River .26 Average (Kothandaraman) 
Avg. .13 
.05 - .30 Delaware River 
.02 - .14 
Avg. .07 
Ohio River 
2.57 I l l i n o i s  River (cold, 
turbulent )  
-05 - .51 Holston River ( l a rge ,  
moderate ve loci ty)  
Avg . .27 
4 3  
The r e s u l t i n g  minimum DO (DRMIN) is 5.57 m g / l  which occur red  a t  
44.14 m i l e s  downstream of t h e  wastewater  d i s c h a r g e  and r e q u i r e d  1.08 days 
(TMIN) t o  be reached .  
3.4 Model S e n s i t i v i t y  t o  Nominal Parameter  Values 
A  range  of v a l u e s  was s e l e c t e d  f o r  each  of t h e  parameters  p r e v i o u s l y  
d e s c r i b e d  (MN, S ,  X,  QRO, LRO, DRO, TRO, K1, LW, TW, and QW). The DO 
s a g  model was r u n  over  each range  i n d i v i d u a l l y  t o  a s s e s s  t h e  response  of 
t h e  model t o  a  change i n  t h e  nominal v a l u e  of a  p a r t i c u l a r  parameter .  
The minimum s t r e a m  DO r e s u l t i n g  from parameter  v a l u e s  was c a l c u l a t e d  as a 
p e r c e n t  d e v i a t i o n  from t h e  nominal minimum s t r e a m  DO 
Drmin - Drmin (nomina 1 ) 
n -. x 100% 
U L  
min (nomina 1 )  
The nominal v a l u e s  of parameters  and t h e i r  t e s t e d  ranges  a r e  p resen ted  
i n  Table  3.5. Before  t h e s e  r e s u l t s  a r e  d i s c u s s e d ,  a  few g e n e r a l  comments 
should be  made. 
I f  KILo < K2Do, t h e n  Drmin = D s  T  - Do. 
Thus, t h e  boundary c o n d i t i o n  c a u s e s  a d i s c o n t i n u i t y  i n  t h e  
system. Th is  d i s c o n t i n u i t y  c a n  be i d e n t i f i e d  when TMIN = 0.0. 
(b) S ince  t h e  nominal D r  i s  c l o s e r  t o  t h e  s a t u r a t i o n  l e v e l  
min 
t h a n  z e r o ,  t h e  n e g a t i v e  d e v i a t i o n s  a r e  p o t e n t i a l l y  h i g h e r  
t h a n  t h e  p o s i t i v e  d e v i a t i o n s .  
( c )  The s e n s i t i v i t y  of t h e  s t r e a m  i s  measured i n  terms of t h e  
nominal v a l u e s .  Thus, i t  i s  dependent on t h e  nominal v a l u e s .  
The Zvlanning number, a measure of channe l  roughness ,  was v a r i e d  
a c r o s s  i t s  e n t i r e  p h y s i c a l  r ange .  The range  of s t r e a m  response  was + 23.6 
t o  - 19.5% from t h e  nominal.  At h i g h  Manning numbers t h e  v e l o c i t y  i s  low 
and s o ,  i n  t u r n ,  i s  K 2 ,  t h u s  D r  i s  reduced.  A t  low Manning numbers 
min 
t h e  v e l o c i t y  i s  s o  h igh  t h a t  K2 i s  r a i s e d  t o  t h e  p o i n t  where K D > KILo 2  0 
and D r  = D s T  - Do. 
min 
Table 3.5 
Nominal Values and Ranges of Parameters 
Parameter Nominal Range 
Value min max 
;';Manning number (MN) 0.060 0.01 0.10 
;'cSlope (S) 0.001 f t l f t  0.0001 0.0100 
Width/d.epth r a t i o  (X) 5 1 50 
*Streamflow (QRO) 527 c f s  10 30,000 
Stream BOD (LRO) 3 mg/l 0 50 
Stream DO (DRO) 90% of SAT 20 100 
Stream temperature (TRO) 16 .8 '~  0 36 
Deoxygenation c o e f f i c i e n t  (K1 ) 0.20 BASE 10 . O 1  .50 
20oc 
Wastewater BOD (LW) 30 mg/l 0 200 
Wastewater DO (m) 4 mg/l 0 10 
Wastewater temperature (TW) 21 .5 '~  5 30 
+Wastewater flow (QW) 263 c f s  0 1,000 
+:Denotes a r b i t r a r y  nominal values se l ec t ed  i n  such a way a s  t o  
o b t a i n  reasonable values f o r  ve loc i ty ,  K2, and D r  . 
min 
The same phenomenon occurs  when channe l  s l o p e  i s  v a r i e d ,  a l though  
even lower v e l o c i t i e s  a r e  induced. The range  of s t r e a m  response  was 
+ 23.6 t o  -47.6 p e r c e n t  from t h e  nominal. 
With an  i n c r e a s e  i n  b read th- to -wid th  r a t i o  t h e  s t r e a m  v e l o c i t y  and 
d e p t h  a r e  decreased .  Both of t h e s e  a c t i o n s  i n c r e a s e  t h e  v a l u e  of K 2 
Again,  t h e  above phenomenon occurs  w i t h  a range of s t r e a m  responses  of 
+ 23.6 t o  -52.5 pe rcen t  from t h e  nominal. 
As t h e  s t reamflow i s  i n c r e a s e d ,  a convex response  c u r v e  r e s u l t s  i n  
a n  optimum st reamflow.  Although v e l o c i t y  i s  i n c r e a s e d  w i t h  i n c r e a s i n g  
f low,  d e p t h  i s  i n c r e a s e d  a s  w e l l .  The n e t  e f f e c t  i s  a d e c r e a s e  i n  K2 .  
A f t e r  t h e  optimum d i s c h a r g e  i s  reached ,  t h e  d e c r e a s e  i n  K o v e r r i d e s  2 
t h e  d i l u t i o n  e f f e c t  of i n c r e a s e d  s t reamf low and D r  d e c r e a s e s .  Th i s  
min 
phenomenon i s  a f u n c t i o n  of t h e  s t a g e - d i s c h a r g e  curve  and i n  a p p l i c a t i o n  
would p robab ly  no t  e x i s t  because  of t h e  movement of h i g h  f lows i n  a 
f l o o d  p l a i n  a s  w e l l  a s  t h e  channe l  p roper .  The s t r e a m  DO response  
ranged from + 33.0 t o  -63.4 p e r c e n t  from t h e  nominal.  
The a d d i t i o n  of s t r e a m  BOD s imply reduces  t h e  s t r e a m  DO u n t i l  a 
l i m i t  of z e r o  is reached.  The range  of s t r e a m  response  is + 8 . 1  t o  
-100 p e r c e n t  of t h e  nominal. The v a r i a t i o n  i n  s t r e a m  DO has  an  a n a l o -  
g o u s l y  s imple  response  w i t h  t h e  range of d e v i a t i o n s  from + 4 .0  p e r c e n t  
a t  100 percen t  s a t u r a t i o n  t o  -53.9 p e r c e n t  a t  20 p e r c e n t  s a t u r a t i o n .  
The g r e a t e s t  e f f e c t  of v a r y i n g  s t r e a m  tempera tu re  i s  i n  v a r y i n g  
t h e  DO s a t u r a t i o n  v a l u e s  and t h u s  s t r e a m  DO which is a pe rcen tage  of 
s a t u r a t i o n .  An i n c r e a s e  i n  t empera tu re  causes  a d e c r e a s e  i n  D r  
m i n  
through a d e c r e a s e  i n  DRO and a n  i n c r e a s e  i n  K The range of s t r e a m  
0 
1' 
response  i s  + 48.9 p e r c e n t  a t  0 C t o  -42.6 p e r c e n t  from t h e  nominal a t  
36Oc. 
With a n  i n c r e a s e  i n  t h e  v a l u e  of K ( t h e  r a t e  a t  which t h e  waste  1 
i s  b iochemica l ly  o x i d i z e d ) ,  t h e  minimum s t r e a m  d i s s o l v e d  oxygen con- 
c e n t r a t i o n  i s  decreased .  A t  v a l u e s  below about  0.09 (20°c, base  l o ) ,  
KILO< K D and D r  - Ds - Do. The range of s t r e a m  response  i s  + 23.6 2 o min T 
( a t  K1 = 0.1) t o  39.7 pe rcen t  ( a t  K1 = 0.50) from t h e  nominal.  
20 C 20 C 
The a d d i t i o n  o f  i n p u t  BOD r e d u c e s  t h e  s t r e a m  DO t o  z e r o  a t  t h e  
lower  end of  t h e  r e s p o n s e  r a n g e .  At t h e  u p p e r  end o f  t h e  r e s p o n s e  r a n g e ,  
KILo < K2Do and D r  - Ds - D . Thus ,  t h e  r a n g e  of  s t r e a m  r e s p o n s e  i s  
m i n  T  0 + 23.6  t o  -100 p e r c e n t  f rom t h e  nomina l .  
Vary ing  t h e  i n p u t  DO o v e r  i t s  e n t i r e  p h y s i c a l  r a n g e  produced l i t t l e  
r e s p o n s e  f rom t h e  s t r e a m .  The v a r i a t i o n  of s t r e a m  r e s p o n s e  i s  + 10 .8  t o  
-11 .4  p e r c e n t  f rom t h e  nominal  D r  . 
min 
As was t h e  c a s e  w i t h  s t r e a m  t e m p e r a t u r e ,  t h e  g r e a t e s t  e f f e c t  of  
v a r y i n g  w a s t e w a t e r  t e m p e r a t u r e  i s  i n  v a r y i n g  DO s a t u r a t i o n  v a l u e s .  
S i n c e  s t r e a m  DO i s  e x p r e s s e d  a s  a  p e r c e n t a g e  of  s a t u r a t i o n ,  i t  v a r i e s  
d i r e c t l y  w i t h  t e m p e r a t u r e .  The r e s u l t  i s  a  r a n g e  i n  s t r e a m  r e s p o n s e  
of  + 22.4 t o  -10 .4  p e r c e n t  f rom t h e  nominal .  
An i n c r e a s e  i n  w a s t e w a t e r  f l o w  i n c r e a s e s  b o t h  d e p t h  and v e l o c i t y  
w i t h  a  n e t  r e s u l t  of  d e c r e a s i n g  K The i n c r e a s e  i n  volume is  a l s o  a n  2  ' 
i n c r e a s e  i n  mass l o a d i n g ,  t h u s  Lo i s  i n c r e a s e d .  The e f f e c t  o f  r e d u c i n g  
K and i n c r e a s i n g  L i s  t o  c o n t i n u o u s l y  d e c r e a s e  D r  . The r a n g e  i n  2  o  min 
s t r e a m  r e s p o n s e s  is  + 53.8  t o  -71.4 p e r c e n t  f rom t h e  nominal  D r  . 
min 
CHAPTER I V  
DETERMINISTIC ANALYSIS 
The water q u a l i t y  model descr ibed i n  t he  previous chapter  was em- 
ployed t o  examine the  e f f e c t s  of s i z e ,  number, and loca t ion  of wastewater 
t reatment  p l an t  discharges on rece iv ing  waters of d i f f e r e n t  s i z e s ;  t h a t  
i s ,  s t ream s i z e s  providing d i f f e r e n t  d i l u t i o n  r a t i o s .  Six d i f f e r e n t  
s t ream system lengths were explored:  64, 128, 192, 256, 320, and 384 
mi les .  For each s t ream system l eng th ,  s i x  d i f f e r e n t  p l an t  systems were 
examined (1, 2 ,  4 ,  8 ,  16,  and 32 p l a n t s )  i n  a  d e t e r m i n i s t i c  a n a l y s i s .  
The conf igura t ions  of t hese  p l an t  systems a r e  i l l u s t r a t e d  i n  Figure 4.1.  
It was assumed t h a t  the  t reatment  p l an t  d i scharges  of each system were 
equa l ly  spaced. The length  of s t ream between discharge poin ts  def ined 
a  reach;  t hus ,  the  s t ream system l eng th ,  s ,  and the  number of p l a n t s ,  
n ,  spec i fy  the  d i s t a n c e  between p l an t s  (or  reach length)  a s  s / n  and 
t h e  number of reaches a s  n  + 1. Add i t iona l ly ,  an e x t r a  reach fol lowing 
t h a t  of t he  l a s t  load point  was considered t o  be of v a r i a b l e  length .  
This phys ica l  arrangement i s  fundamental t o  a l l  experiments wi th  the  
water  q u a l i t y  model. 
For each combination of s t ream system length and number of p l an t s  
i n  t he  system, the  computer model was run f o r  a  s e r i e s  of seven d i l u t i o n  
r a t i o s  (1/1,  211, 411, 10/1,  20/1, 40/1,  and 80/1) .  The d i l u t i o n  r a t i o  
i s  defined a s  t he  r a t i o  of the i n i t i a l  s t ream flow and the  t o t a l  waste- 
water flow generated by the  region.  I n  t he  above experiments ,  i t  was 
assumed t h a t  t r i b u t a r y  streamflow was due s o l e l y  t o  wastewater d i scharges .  
An a d d i t i o n a l  experiment was performed i n  which the  streamflow was in-  
creased with length  i n  accordance wi th  a  s p e c i f i e d  area-runoff  func t ion .  
The r e s u l t s  of these  ana lyses  a r e  discussed below. 
4 .1  E f fec t  of S i ze ,  Number, and Location of P l an t s  
The con t ro l  or  base system f o r  t h i s  water q u a l i t y  eva lua t ion  involves 
a  s t ream system 64 miles i n  length  with one cen t r a l i zed  r eg iona l  waste- 
water t reatment  p l an t  and a  d i l u t i o n  r a t i o  of 211. The water q u a l i t y  
e f f e c t s  of d i saggrega t ing  t h e  r eg ion ' s  wastewater through a  mu l t ip l e  
poin t  d i scharge  scheme i s  now examined. For each case i n  which the model 

was r u n ,  t h e  numer ica l  model parameter  v a l u e s  were e q u a l  t o  t h o s e  i n  t h e  
base  sys tem w i t h  t h e  e x c e p t i o n  of wastewater  f low which was e q u a l l y  
d i v i d e d  among t h e  p l a n t s  s e r v i n g  t h e  r e g i o n .  Thus,  t h e  f low from each 
p l a n t  i n  an  n  p l a n t  sys tem was of t h e  same s t r e n g t h  and was e q u a l  t o  
Q w / ~  where QW i s  t h e  wastewater  f low i n  t h e  s i n g l e  p l a n t  sys tem of t h e  
c o n t r o l  c o n d i t i o n .  
For each  computer r u n ,  e a c h  reach  i n  t h e  sys tem was searched f o r  i t s  
minimum d i s s o l v e d  oxygen c o n c e n t r a t i o n ,  and t h e  minimum DO of a l l  r eaches  
was determined.  These r e s u l t s  a r e  summarized i n  Table  4 .1  from which i t  
i s  e v i d e n t  t h a t  d i s a g g r e g a t i n g  t h e  r e g i o n ' s  wastewater  from a  s i n g l e  d i s -  
charge  p o i n t  t o  32 un i fo rmly  spaced d i s c h a r g e  p o i n t s  r e s u l t s  i n  a  0.29 
mg/l  improvement i n  t h e  minimum d i s s o l v e d  oxygen c o n c e n t r a t i o n .  F u r t h e r -  
more, p l a n t  systems w i t h  g r e a t e r  t h a n  about  8 p l a n t s  r e s u l t  i n  a  n e g l i g i -  
b l e  w a t e r  q u a l i t y  improvement over  t h a t  number of p l a n t s .  
As t h e  d i s t a n c e  between d i s c h a r g e  p o i n t s  i n c r e a s e s  o r  a s  t h e  s t r e a m  
system l e n g t h  i n c r e a s e s ,  t h e r e  i s  a  g r e a t e r  t r a v e l  t ime between waste-  
w a t e r  d i s c h a r g e  p o i n t s  and a  g r e a t e r  o p p o r t u n i t y  f o r  s e l f - p u r i f i c a t i o n  
of t h e  w a t e r  c o u r s e .  I n  o r d e r  t o  q u a n t i f y  t h e  degree  of w a t e r  q u a l i t y  
improvement a t t r i b u t a b l e  t o  i n c r e a s e d  d i s t a n c e  between d i s c h a r g e s ,  t h e  
w a t e r  q u a l i t y  model was r u n  f o r  a  s e r i e s  of s t r e a m  system l e n g t h s ,  each  
f o r  a  s e r i e s  of numbers of p l a n t s  i n  t h e  system. The s h o r t e s t  sys tem 
l e n g t h  (64 m i l e s )  i s  viewed a s  be ing  r e p r e s e n t a t i v e  of a  m e t r o p o l i t a n  
r e g i o n  w h i l e  t h e  longer  sys tem l e n g t h s  a r e  viewed a s  b e i n g  r e p r e s e n t a t i v e  
of more r u r a l  r e g i o n s .  For each combinat ion of number of p l a n t s  i n  t h e  
sys tem and s t r e a m  system l e n g t h ,  t h e  D r  was c a l c u l a t e d  f o r  each r e a c h  
min 
and t h e  a b s o l u t e  D r  f o r  t h e  e n t i r e  sys tem was determined.  A summary 
min 
of t h e s e  c a l c u l a t i o n s  i s  p resen ted  i n  Table  4.2.  
An examinat ion of t h e s e  r e s u l t s  i n d i c a t e s  a  d r a m a t i c  wa te r  q u a l i t y  
improvement a s  t h e  d i s t a n c e  between p l a n t s  i s  i n c r e a s e d .  This  may be 
s e e n  from F i g u r e  4.2 i n  terms of t h e  number of p l a n t s  i n  t h e  sys tem o r  
e q u i v a l e n t l y  from F i g u r e  4 .3  i n  terms of t h e  d i s t a n c e  between p l a n t s .  
F i g u r e  4.2 i n d i c a t e s  t h a t  f o r  a  g i v e n  s t r e a m  system l e n g t h ,  wa te r  q u a l i t y  
improvement i s  exper ienced  by a d d i t i o n a l  numbers of p l a n t s  i n  t h e  sys tem.  
However, t h e  w a t e r  q u a l i t y  improvements achieved by systems w i t h  g r e a t e r  
Table  4.1 
E f f e c t  of Loca t ion ,  S i z e ,  and Number of P l a n t s  
o n  Water Q u a l i t y  
Reach ~e Number o f  C r i t i c a l  
P l a n t s  Length Reach DRmin %in (mi les )  (mg/l) (mg/l) 
i'c 
- 
nDRmin DRmin ( n  P l a n t )  - D R , ~ ~  ( 1  P l a n t )  
TABLE 4 . 2  
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t h a n  about  8  p l a n t s  a r e  on ly  m a r g i n a l l y  g r e a t e r  t h a n  t h a t  achieved by an 
8  p l a n t  sys tem.  Fur thermore,  a s  t h e  s t r e a m  system l e n g t h  i s  i n c r e a s e d ,  
s u b s t a n t i a l  w a t e r  q u a l i t y  improvements a r e  e x p e r i e n c e d .  S i m i l a r l y ,  
F i g u r e  4 . 3  i n d i c a t e s  t h a t  p l a n t  systems w i t h  l a r g e  numbers of p l a n t s  
e x p e r i e n c e  g r e a t e r  w a t e r  q u a l i t y  improvement from s m a l l  increments  i n  d i s -  
t a n c e  between p l a n t s  t h a n  do systems w i t h  s m a l l  numbers of p l a n t s .  
4.2 Loca t ion  and t h e  E f f e c t  of D i l u t i o n  
It was noted i n  t h e  previous  c h a p t e r  t h a t  a l t h o u g h  a  nominal d i l u -  
t i o n  r a t i o  of 211 was s t i p u l a t e d ,  t h e  d i l u t i o n  r a t i o  i s  a  f u n c t i o n  of t h e  
r e g i o n ' s  p h y s i c a l  environment :  t h e  low f low-drainage a r e a  f u n c t i o n ,  
l e n g t h  of s t r e a m  under  c o n s i d e r a t i o n ,  r e l a t i v e  l o c a t i o n  of t h i s  l e n g t h  of 
s t r e a m ,  and t h e  b a s i n  geometry. With t h i s  i n  mind, i t  would be u s e f u l  
t o  deve lop  i n f o r m a t i o n  concern ing  t h e  e f f e c t  of t h e  d i l u t i o n  r a t i o  on 
t h e  w a t e r  q u a l i t y  response  t o  r e g i o n a l  wastewater  sys tem c e n t r a l i z a t i o n .  
An exper iment  was performed which employed t h e  p r e v i o u s l y  d e s c r i b e d  
w a t e r  q u a l i t y  model t o  a s s e s s  t h e s e  e f f e c t s .  The model runs  of t h e  p re -  
v ious  s e c t i o n  f o r  each combinat ion of s t r e a m  system l e n g t h  and number 
of p l a n t s  i n  t h e  sys tem were r e p e a t e d  f o r  a  s e r i e s  of d i l u t i o n  r a t i o s  : 
111, 211, 411, 1011, 2011, 4011, and 8011. The o u t p u t  from t h e s e  computer 
runs  i s  summarized i n  Tables  4 . 3  and 4 .4 .  
F i g u r e  4 . 4  p r e s e n t s  p l o t s  of t h e  w a t e r  q u a l i t y  improvement due t o  
an  n  p l a n t  sys tem,  
aDOmin (def ined  a s  t h e  d i f f e r e n c e  between DO of min 
an  n  p l a n t  sys tem and DO of a  1 p l a n t  sys tem) ,  Eor t h e  number of 
min 
p l a n t s  i n  t h e  sys tem.  A fami ly  of curves  i s  p resen ted  f o r  a  v a r i e t y  of 
d i l u t i o n  r a t i o s  f o r  t h e  nominal 64 mi le  s t r e a m  system. It is e v i d e n t  
from F i g u r e  4 .4  t h a t  t h e  w a t e r  q u a l i t y  improvement due t o  t h e  d i s -  
a g g r e g a t i o n  of p l a n t s  i s  g r e a t e s t  a t  s m a l l  d i l u t i o n  r a t i o s  and becomes 
n e g l i g i b l e  a t  h i g h e r  d i l u t i o n  r a t i o s .  Again,  a  b reakof f  i n  t h e  i n -  
c r e a s e  i n  wa te r  q u a l i t y  improvement i s  e v i d e n t  a t  an  a g g r e g a t i o n  s t a t e  
of abou t  8  p l a n t s ,  beyond which t h e  improvement over  an 8  p l a n t  sys tem 
i s  o n l y  marg ina l .  The wate r  q u a l i t y  improvements f o r  a  32 p l a n t  sys tem,  
bDOmin(32), a t  a  111 d i l u t i o n  r a t i o  a r e  0.5 and 2 .9  mg/l  f o r  t h e  64 and 
384 mi le  sys tems ,  r e s p e c t i v e l y .  
Table 4.3 
E f f e c t  of System Length, Number of P l a n t s ,  and Di lu t ion  Rat io  
on Minimum DO Concentrat ion ( i n  mg/l) 
D i lu t ion  Stream Number of P l a n t s  i n  System Length Ra t io  (miles) 1 2 4 8 16 3 2 
continued 
Table 4.3 (cont .) 
Effect of System Length, Number of Plants, and Dilution Ratio 
on Minimum M) Concentration (in mg/l) 
Stream Dilution 
Length Ratio (miles) 1 
Number of Plants in System 
2 4 8 16 3 2 
Table 4.4 
Ef fec t  of System Length, Number of P l a n t s ,  and Di lu t ion  Rat io  
on Locat ion of C r i t i c a l  D e f i c i t  
( i n  mi l e s  from t h e  f i r s t  load point)  
D i lu t ion  Stream Number of P l a n t s  i n  System Length Rat io  (miles) 1 2 4 8 16 32 
continued 
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